
Integrated Assessm
ent of Clim

ate Change Im
pacts and U

rban Resilience    •   Beniam
ino Russo and Eduardo M

artínez-Gom
ariz

Integrated 
Assessment 
of Climate Change 
Impacts and Urban 
Resilience
From Climate and Hydrological 
Hazards to Risk Analysis 
and Measures

Printed Edition of the Special Issue Published in Sustainability

www.mdpi.com/journal/sustainability

Beniamino Russo and Eduardo Martínez-Gomariz
Edited by



Integrated Assessment of Climate 
Change Impacts and Urban Resilience





Integrated Assessment of Climate 
Change Impacts and Urban Resilience

From Climate and Hydrological Hazards to 
Risk Analysis and Measures

Editors

Beniamino Russo

Eduardo Martı́nez-Gomariz

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Eduardo Martı́nez-Gomariz 
Cetaqua · Water Technology Centre 
Universitat Politècnica de Catalunya 
Spain

Editors
Beniamino Russo

AQUATEC (SUEZ Group) 
EUPLA (Universidad de Zaragoza) 
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Maria do Céu Almeida, Maria João Telhado, Marco Morais, João Barreiro and Ruth Lopes

Urban Resilience to Flooding: Triangulation of Methods for Hazard Identification in
Urban Areas
Reprinted from: Sustainability 2020, 12, 2227, doi:10.3390/su12062227 . . . . . . . . . . . . . . . . 163

Luca Locatelli, Maria Guerrero, Beniamino Russo, Eduardo Martı́nez-Gomariz, 
David Sunyer and Montse Martı́nez

Socio-Economic Assessment of Green Infrastructure for Climate Change Adaptation in the 
Context of Urban Drainage Planning
Reprinted from: Sustainability 2020, 12, 3792, doi:10.3390/su12093792 . . . . . . . . . . . . . . . . 181

Paula Beceiro, Rita Salgado Brito and Ana Galvão

The Contribution of NBS to Urban Resilience in Stormwater Management and Control:
A Framework with Stakeholder Validation
Reprinted from: Sustainability 2020, 12, 2537, doi:10.3390/su12062537 . . . . . . . . . . . . . . . . 199

Marı́a Guerrero-Hidalga, Eduardo Martı́nez-Gomariz, Barry Evans, James Webber, 
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Preface to ”Integrated Assessment of Climate Change

Impacts and Urban Resilience”

Modern cities are complex, vulnerable, and continuously evolving systems. In these dynamic

areas, the existence of interacting strategic services and interconnected critical infrastructures, as well

as the involvement of a multiplicity of stakeholders, adds complexity to their management.

Furthermore, urban resilience refers to the ability of an urban system—and all its key constituent

parts—to maintain or rapidly return to desired functions in the face of a disruption, to adapt to

change, and to quickly transform systems that limit current or future adaptive capacity.

Besides, the significant impacts of climate dynamics (such as intense precipitation events, tidal

effects, droughts, or heat waves) on the urban strategic services, people, natural environment, and

economy, as well as the aggravation of current conditions and the emergence of new hazards, also

need to be considered in their management.

In this context, this Special Issue will publish cutting-edge methods and tools for a

comprehensive assessment of climate change impacts and urban resilience and, also, for the proposal

and prioritization of adaptation measures and strategies to cope with climate-related hazards

and risks.

Beniamino Russo, Eduardo Martı́nez-Gomariz

Editors
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Abstract: This Special Issue brings together recent research findings related to urban resilience,
in particular taking into account climate change impacts and hydrological hazards. Taking advantage
of the work done in the H2020 RESCCUE project, 12 different papers dealing with several issues
related to the resilience of urban areas have been published. Due to the complexity of cities, urban
resilience management is one of the key challenges that our societies have to deal with in the near
future. In addition, urban resilience is a transversal and multi-sectorial issue, affecting different urban
services, several hazards, and all the steps of the risk management cycle. This is precisely why the
papers contained in this Special Issue focus on varied subjects, such as impact assessments, urban
resilience assessments, adaptation strategies, flood risk and urban services, always focusing on at
least two of these topics.

Keywords: urban resilience; climate change; impact assessment; adaptation strategies; urban services

1. Introduction

We live in a world of cities, and that trend will continue in the future. Today, 54% of the
world’s population lives in urban areas, a proportion that is expected to increase to 66% by 2050 [1].
In addition, climate change is adding pressures and uncertainties that pose challenges to society,
economy, and environment. In this case, focusing on the impacts to urban areas [2], climate change can
affect basic urban services, such as water or energy supply, making the continuously functioning city
capacity crucial for most parts of the world population. As the United Nations have stated, managing
urban areas has become one of the most important development challenges of the 21st century [1].

According to UN-Habitat [3], urban resilience refers to the ability of human settlements to
withstand and to recover quickly from any plausible hazards. Resilience against shocks and stresses
not only refers to reducing risks and damage from disasters (i.e., loss of lives and assets), but also the
ability to quickly bounce back to a stable state; the ability to adapt and transform towards sustainability.
While typical risk reduction measures tend to focus on a specific hazard, leaving out risks and
vulnerabilities due to other types of perils, resilience adopts a multiple hazards approach, considering
all types of plausible climate-related threats.

Cities face a growing range of adversities and challenges in the 21st century, and increasing
urban resilience is the only way to survive and adapt to the coming shocks and stresses that may

Sustainability 2020, 12, 6430; doi:10.3390/su12166430 www.mdpi.com/journal/sustainability1
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occur [4]. Due to climate change, critical disruptions occur too often in cities around the world. On the
other hand, urban areas are complex systems that cannot be understood by sectorial and disciplinary
approaches alone [5]. In this context, the RESCCUE (RESilience to cope with Climate Change in Urban
arEas—a multisectorial approach focusing on water) project aims to assess current and future resilience
(related to future climate change scenarios) through a multisectorial approach, taking water sector as
the focus. Climatic drivers and pressures affecting the urban water cycle, such as droughts or heavy
rains, can produce critical direct impacts on strategic urban services (water supply, wastewater and
stormwater drainage, wastewater treatment, solid waste, telecommunication, energy supply, transport,
etc.), and cause cascading collateral impacts on other services. Given the interdependencies existent
between the several city services, RESCCUE focuses on the cascading failures that involve several
urban functions [6].

2. The RESCCUE Project

The RESCCUE project (www.resccue.eu) aims to help cities around the world to become more
resilient to physical, social, and economic challenges [7]. During the last four years, RESCCUE has
generated models and tools to bring this objective to practice, make these tools available to be deployed
to different types of cities, with different climate change pressures. RESCCUE has also supported cities
preparing their resilience action plans (RAP) by developing guidance materials and plan templates.
The consortium is led by Aquatec—SUEZ Advanced Solutions, and consists of a total of 17 partners with
the three city councils of the research sites (Barcelona, Bristol and Lisbon), the United Nations agency
UN-Habitat, several urban services companies, research centers, universities and SMEs (small and
medium enterprises), all of them with a key role on resilience management in the three research sites.

2.1. RESCCUE Goals

The main goal of RESCCUE is to help cities around the world to become more resilient. To achieve
this overall goal, a set of specific objectives are pursued, including:

1. Compilation, generation, and analysis of different local climate simulations to set up future
climate-related scenarios in a coherent way and suitable for users’ needs.

2. Improve the understanding of the effects of selected climatic drivers on the urban water cycle in
each research site, and identify vulnerabilities of each urban service that will lead to increased
social security.

3. Assess the direct impacts of these drivers on all the urban services and the cascade collateral
impacts on the ones connected to them for the current situation and future climate change
scenarios. The impacts will be assessed in terms of hazard and risk for each analyzed urban
service, for the whole set of selected scenarios at each research site.

4. Develop a methodology to assess urban resilience with respect to different climatic pressures,
based on the interaction among different urban services. In addition, the improvements related
to the operational performance of urban systems will be evaluated, as the urban resilience
framework generated will be designed to be adapted to the operational platforms currently in
use by urban operators.

5. Explore and assess the economic and societal impacts of multiple feasible mitigation and
adaptation measures and technologies to reduce climate change effects on the urban services and
their collateral impacts. Based on the impacts evaluated on key urban services and on the needs of
end users enrolled in the RESCCUE project, an inventory of the most appropriate mitigation and
adaptation options with a special focus on nature-based solutions will be established. The result
will constitute a portfolio of validated and prioritized improving resilience strategies, based on
multi-criteria analysis, integrating technological and non-technological alternatives, to better
cope with challenges raised by climate change.
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6. Elaborate a RAP for each of the case study cities, considering the inputs of all local partners
and stakeholders of each site, and led by the three involved local resilience offices. The civil
protection and emergency sectorial plans will be analyzed to improve coordination during shocks
and stresses, as these plans can benefit from RAPs inputs and vice versa.

7. Build a shared awareness and perception of challenges and opportunities, to guide actions and
future collaborative approaches, by engaging leading universities and research centers, local
governments, large companies, SMEs, non-governmental organizations and citizens from the
three research sites.

2.2. RESCCUE Methodology

The RESCCUE project is being implemented through a set of eight WPs (work packages) described
below (WP1 to WP6 is where the technical work is focused, whereas WP7 deals with communication
and exploitation and WP8 is related to project management). Figure 1 depicts the project structure
adopted by RESCCUE, specifying the relations among WPs and the main outputs.

Figure 1. Resilience to Cope with Climate Change in Urban Areas (RESCCUE) Project structure and
technical details. Source: [7].

The use of detailed models and software tools is essential to analyze the behavior and the response
of strategic services and critical infrastructures with respect to specific pressures and drivers related
to climate change. Moreover, the outputs of these sectorial models will be used to assess hazard,
vulnerability, and risk levels for current and future scenarios, where a large set of measures and
strategies will be simulated and evaluated in terms of impacts reduction.

Once the detailed knowledge of each urban service has been acquired through available data,
past experiences, and simulation results, then the interdependencies between them and the cascade
effects due to failures or extreme climate events can be studied. Within RESCCUE, this is done with
two different approaches characterized by a different level of detail (Figure 2):

1. Detailed approach: advanced models and tools to describe specific cascading effects produced by
extreme climate events on several urban services are developed. Then, the analysis of certain
impact events could be achieved via the use of loosely coupled models and tools (integrated
models), using the outputs of one as inputs of the other, being able to simulate cascading effects
in a detailed but simple way. In this case, adaptation strategies and measures will be proposed

3
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and prioritized based on hazard and risk reduction but, also, through multi-criteria analysis,
providing an overview of other kinds of co-benefits

2. Holistic approach: using a methodology for holistic resilience assessment, the relations and the
cascading effects among the different urban services can be analyzed. In this case, adaptation
measures and strategies will be focused on the recovery of the normal functioning of the city and,
specifically, of its strategic urban services and infrastructures. This concept will be expressed
by the concept of recovery time and the efficiency of the measures and strategies, in terms of
decrease of recovery.

Figure 2. Summary of RESCCUE framework. Source: [7].

With the detailed approach, the analysis of hazard and risk produced by complex interactions and
cascade effects involving different urban sectors is done. Then, as not all sectorial models are studied
in detail and coupled with others, the whole spectrum of interdependencies and cascading effects is
then covered by the holistic approach with a minor level of detail.

The two approaches presented before, coexist in the several different work packages studied in
the RESCCUE project. Whereas some tasks are only part of the detailed approach, some others only
focus on the holistic one, while there are a few that belong to both, linking the two and allowing to
combine them.

The combination of both approaches allows to understand the functioning of the city as a whole,
while focusing on some very detailed impacts that are crucial to understand how the several city
services affect each other.

By having this detailed–holistic approach, the RESCCUE project has been able to deliver a very
useful resilience roadmap for the cities in the form of a RAP, where the strategic lines in which the city
must focus are also fed with concrete measures that will be applied to solve specific problems.

3. Special Issue

During the four years that the RESCCUE project has lasted, many outputs have been produced
related to urban resilience. Obviously, during the first years of the project, the main results generated
were related to climate change scenarios and modelling of climatic variables [8–10], hazard assessment
for several specific urban services [11,12], impact assessment methodologies and implementations to
specific sectors [13–15], and the preparation of the resilience assessment framework to be used in the
project [16,17].

As the project advanced, some of the initial WPs finished, and thus, right now there are no new
results related to climate change scenarios, for example. This is precisely why the current Special

4
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Issue has been mainly dealing with the topics of impact assessments, urban resilience assessments,
adaptation strategies, flood risk and urban services.

Due to the complexity of cities, urban resilience is a transversal and multi-sectorial issue,
affecting different urban services, several hazards and all the steps of the risk management cycle.
This is precisely why the topics contained in this Special Issue overlap (Figure 3), which is why all the
papers presented deal with at least two of these topics (Table 1).

Table 1. List of the papers published in this Special Issue, classified by the several topics addressed
in them.

Title of the Paper
Flood
Risk

Adaptation
Strategies

Urban
Resilience

Assessments

Urban
Services

Impact
Assessment

Assessment of Urban Flood Resilience in Barcelona for Current
and Future Scenarios. The RESCCUE Project X X X

Flood Risk Assessment in an Underground Railway System
under the Impact of Climate Change—A Case Study of the

Barcelona Metro
X X X

Methodology to Prioritize Climate Adaptation Measures in
Urban Areas. Barcelona and Bristol Case Studies X X

Socio-Economic Assessment of Green Infrastructure for Climate
Change Adaptation in the Context of Urban Drainage Planning X X

Interlinking Bristol Based Models to Build Resilience to
Climate Change X X X

Flood Depth-Damage Curves for Spanish Urban Areas X X

The Contribution of NBS to Urban Resilience in Stormwater
Management and Control: A Framework with

Stakeholder Validation
X X

RAF Resilience Assessment Framework—A Tool to Support
Cities’ Action Planning X

Investigating the Effects of Pluvial Flooding and Climate
Change on Traffic Flows in Barcelona and Bristol X X X

Urban Resilience to Flooding: Triangulation of Methods for
Hazard Identification in Urban Areas X X

Climate Change Implications for Water Availability: A Case
Study of Barcelona City X X

Electrical Grid Risk Assessment Against Flooding in Barcelona
and Bristol Cities X X

Figure 3. Main topics analyzed in the papers of this Special Issue.
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4. RESCCUE Toolkit

Throughout the project’s lifetime, RESCCUE has placed much effort on dissemination tasks,
aiming at allowing general and specialized audiences to access information about the project progress
and its outcomes, as well as promoting the widest application of the RESCCUE outcomes in other cities.

In this regard, in addition to the scientific production generated by the project partners, such as
this Special Issue, RESCCUE has also developed the RESCCUE toolkit, an interactive space where the
main project’s results are gathered, along with a set of guidelines outlining the steps to be taken to make
your city resilient. In there, all the tools, datasets and methodologies developed within RESCCUE can
be found, sorted by topic and by the three case studies: Barcelona, Lisbon and Bristol.

5. Final Remarks from the RESCCUE Coordinator: Marc Velasco

During the last four years, the RESCCUE project has been my life. For quite a long time, I have been
repeating over and over one of the mottos of the project: cities are complex systems of interconnected
systems. The RESCCUE consortium, with a varied canvas of partners from different worlds, has been
exactly like a city, a complex system of interconnected entities. Managing this has been a challenging
but very satisfying task, as we jointly managed to overcome all the problems that appeared along
the way.

As you will see while reading this Special Issue, RESCCUE has been a challenging and successful
project, that has only been possible due to the hard work of all people involved. I would like to take
this opportunity to acknowledge the work and support from all my colleagues who worked in the
project. RESCCUE project has been quite a journey for all of us, and I hope that it can also become
something special to you.

Along the 4 years of the project, we have learnt that the only way to make our cities stronger and
more prepared is by working together in a holistic and transversal way. This is why I would like to tell
decision makers and urban service operators that you are not alone in this. Therefore, take advantage
of all the work that we have done, so you do not have to start from square one. If you have not done it
yet, now is the time to check the RESCCUE Toolkit, where you will be able to find the key RESCCUE
results to replicate the work in your city.

What we have started in RESCCUE is only the beginning. Now it is time to pass on the baton, so you
can move forward to transform your city to be more and more prepared for the coming challenges.

Author Contributions: M.V., has been the Coordinator of the RESCCUE Project and the main contributor to this
Editorial. B.R. and E.M.-G., Work Package leaders of RESCCUE and editors of this Special Issue, have mainly
contributed to Section 3 of this editorial, presenting the work included in this Special Issue. All authors have read
and agreed to the published version of the manuscript.
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Abstract: The results of recent climate projections for the city of Barcelona show a relevant increment
of the maximum rainfall intensities for the period 2071–2100. Considering the city as a system
of systems, urban resilience is strictly linked to the proper functioning of urban services and the
knowledge of the cascading effects that may occur in the case of the failure of one or more critical
infrastructures of a particular strategic sector. In this context, the aim of this paper is to assess
urban resilience through the analysis of the behavior of the main urban services in case of pluvial
floods for current and future rainfall conditions due to climate change. A comprehensive flood risk
assessment including direct, indirect, tangible and intangible impacts has been performed using
cutting edge sectorial and integrated models to analyze the resilience of different urban services
(urban drainage, traffic, electric and waste sectors) and their cascade effects. In addition, the paper
shows how the information generated by these models can be employed to feed a more holistic
analysis to provide a general overview of the city’s resilience in the case of extreme rainfall events.
According to the obtained results, Barcelona could suffer a significant increase of socio-economic
impacts due to climate change if adaptation measures are not adopted. In several cases, these impacts
have been geographically distributed showing the specific situation of each district of the city for
current and future scenarios. This information is essential for the justification and prioritization of
the implementation of adaptation measures.

Keywords: urban resilience; cascading effects; climate change; pluvial floods; 1D/2D coupled models
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1. Introduction

Urban resilience refers to the ability of an urban system—and all its constituent socio-ecological
and socio-technical networks across temporal and spatial scales—to maintain or rapidly return to
desired functions in the face of a disturbance, to adapt to change and to quickly transform systems that
limit current or future adaptive capacity [1].

In this context, a city can be considered as a system of systems, and its urban resilience is strictly
linked to the proper functioning of urban services and the knowledge of the cascading effects that may
occur in the case of the failure of one or more critical infrastructures of a particular strategic sector [2].
Moreover, urban areas are complex systems that cannot be understood by sectorial and disciplinary
approaches alone [3,4], and the focus of smart cities models on strengthening different sectors with
technological advancement could contribute to building upon a city’s resilience in terms of dealing
with natural hazards [5].

This paper shows how pluvial flood urban resilience can be assessed by analyzing the behavior of
critical urban services and the related cascading effects in the case of failures due to heavy storm events.
With this aim, sectorial and integrated models have been developed and calibrated to analyze the
resilience of several urban services in Barcelona for current (baseline scenario) and future (business as
usual scenario) rainfall conditions up to the horizon of 2100 [6]. In addition, the information generated
by these models, together with the historical information available for each urban service, has been
used to feed a more holistic model which covers all the urban services of the city. This twofold
approach, including risk treatment (implementation of adaptation strategies) in a comprehensive flood
risk management process, is presented in Figure 1.

 

Climate change & 
extreme Events scenarios 

Strategic urban services 
modelling

Hazard impacts & 
cascading effects

Holistic resilience 
assessment & 
management

Resilience & adaptation 
strategies for the market 

uptake

Figure 1. Twofold approach to achieve an urban resilience assessment for current and future scenarios.

A flood-resilient city can be defined as a city which is able to resist, absorb, accommodate
and recover from the effects of a flood hazard in a timely and efficient manner, including through
the preservation and restoration of its essential basic structures and functions [7]. In this context,
flood resilience assessment has been performed in Barcelona through a 1D/2D urban drainage model
linked to other urban services models to evaluate the cascade effects produced by urban floods on
traffic, electric and waste collection systems. The employment of a coupled 1D/2D urban drainage
model providing flow variables (flow depths, flow velocity and flood extension) on urban surfaces
during pluvial flood events is essential to perform tangible and intangible risk assessments. Moreover,
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the results of these integrated models have been used to feed a holistic tool to assess the resilience of
the city as a whole.

The paper proposes specific and holistic approaches to assess pluvial flood resilience in urban
areas. The approaches are complementary and interconnected and can be used to understand the
interrelations between urban services and infrastructures, as well as representing a valuable tool for
decision making.

2. Materials and Methods

2.1. The Effects of Climate Change on Maximum Rainfall Intensity in Barcelona

Recently, the Climate Research Foundation (Fundación de Investigación del Clima; hereafter,
FIC from the acronym in Spanish) provided climate projections and predictions for different climate
variables in Barcelona, the results of which are summarized in Figure 2. These results confirm the
same trends as other previous studies developed for the city and are in line with the data from the
last Climate Plan published by Barcelona City Council [8]. According to the data provided by FIC,
phenomena such as extreme rainfall, heatwaves and droughts could experience significant increases
due to an acceleration of the hydrological cycle [6,9].

Figure 2. Extremes compass rose for Barcelona: maximum point change in extreme climate events
over the century, taking into account return periods between 2 and 100 years. The center represents
no changes, and the edge corresponds to an increase of 100% for every variable except for heat wave
days (the border is +1000%) and extreme temperature (the border is +10 ◦C). Thick lines represent the
median scenario, and the shaded area is the uncertainty region (5–95%).

Particularly, in the case of maximum rainfall intensities and the horizon of 2071–2100 for the city
of Barcelona, the value of the coefficient of climate change (defined as the ratio between future and
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current maximum intensities, for certain return periods and time intervals) [10,11] was found to be in
a range between 1.07 and 1.26 depending on the frequency and duration of each maximum rainfall
intensity (Figure 3).
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Figure 3. Fiftieth percentiles of the climate change coefficients obtained for different rainfall durations
and return periods for the horizon 2071–2100 for the city of Barcelona [6].

These results were obtained using statistical spatial and temporal downscaling techniques on
20 future pluviometric series provided by 10 general atmospheric circulation models, forced by
Representative Concentration Pathway (RCP) 4.5 and 8.5 scenarios and previously validated for a
historical control period (1976–2005) [6]. The climate change coefficients in Figure 3 represent the 50th
percentile of the results obtained.

Once these climate change coefficients were obtained, they were applied to synthetic storms with
different return periods (T1, T10, T50, T100 and T500) used for the last drainage master plan of the city
of Barcelona [11] obtained through the alternating blocks method. Figure 4 shows the urban drainage
Barcelona project design storm for a return period of 10 years with a duration of approximately 2 h
and 30 min after the application of climate change coefficients for each different rainfall duration.

0
20
40
60
80

100
120
140
160
180
200

0:
05

0:
10

0:
15

0:
20

0:
25

0:
30

0:
35

0:
40

0:
45

0:
50

0:
55

1:
00

1:
05

1:
10

1:
15

1:
20

1:
25

1:
30

1:
35

1:
40

1:
45

1:
50

1:
55

2:
00

2:
05

2:
10

2:
15

2:
20

2:
25

2:
30

2:
35

2:
40

In
te

ns
ity

 (m
m

/h
)

Elapsed time

Figure 4. Urban drainage Barcelona project design storm with a return period of 10 years and a duration
of 2 h and 35 min [6].

2.2. 1D/2D Coupled Approaches for Urban Pluvial Modelling

Urban areas have a complex topography and contain small-scale elements such as streets and
buildings that are usually not taken into account in standard river floodplain studies [12]. Therefore,
a higher resolution is required to represent features at the city scale, although this may lead to larger
computational time, notwithstanding the fact that urban model areas are generally smaller than a river
floodplain. For all of these reasons, urban, pluvial flooding requires a different modeling approach
than the one used for fluvial flooding [12].
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During the last two decades, several authors have published papers about the need to develop
and use urban stormwater models (USMs) based on coupled approaches (the modeling of the surface
and sewer flows at the same time by 1D/1D or 1D/2D models) to represent adequately urban flood
caused by surcharged sewers [13–16] and carry out realistic flood risk assessments [17].

Although the choice between using a 1D or a 2D surface overland flow model (to be coupled to a
1D sewer model) determines the accuracy of results and the computational time required to obtain
them, when the flow overtops street curbs and does not remain within the street profile, using a 2D
model is crucial [12,18].

In 1D/2D USMs, the underground sewer network is represented by a 1D sewer model while the
surface flow is computed using a 2D model. The 2D model reproduces the urban surface topography
and is essential to achieve a more realistic simulation of the flow spreading across complex urban
surfaces, with results such as flow depths and velocities anywhere in the urban model area [12].

USM can be semi-distributed (SD) or fully distributed (FD). SD models, commonly applied in
urban stormwater modeling, are based on subcatchment units where rainfall is applied, while runoff
is estimated and routed according to specific hydrological losses and rainfall–runoff transformation
methods. FD models, which are generally more detailed and theoretically more realistic, are based on
the two-dimensional (2D) discretization of the overland surface, where runoff volumes are estimated
and directly routed by the 2D overland flow module [19]. Both kinds of approaches can be followed to
create 1D/2D coupled models that are able to simulate, at the same time, the behavior of the sewer
system and the urban surfaces and their mutual interaction in case of pluvial flooding events (Figure 5).
Finally, hybrid models (H) can account for runoff produced by rainfall which is directly applied from
subcatchment units formed by building areas (roofs, terraces and courtyards) and directly conveyed
into the sewer systems; for the other impervious (streets, sidewalks, squares, etc.) and pervious
(parks and natural areas) urban surfaces, the 2D overland flow model computes and routes the runoff
produced by the rainfall directly applied to these surfaces [20]. These approaches are represented in
Figure 5.

 

(a) SD (b) FD (c) H 

Figure 5. Scheme of semi-distributed (SD) (a), fully-distributed (FD) (b) and hybrid (H) (c) 1D/2D
coupled urban stormwater model (USM) approaches (adapted from [19]). In brown, subcatchment
units are represented, while blue lines and arrows indicate the pathway of the runoff from the source
(subcatchment units or discretized 2D surface) to the sewer system.

The amount of runoff entering the underground sewer network is limited by the hydraulic
efficiency of surface drainage structures (inlets, transversal grates, etc.) [21–23] and their state of
maintenance and clogging [23,24], although these aspects are often neglected in urban drainage
models [19]. Generally, SD models apply all the runoff estimated in a given subcatchment directly
into the selected computational node of the sewer system, without accounting for the hydraulic
capacity of surface drainage capacity. With this assumption, this kind of model only considers the
flooding that occurs when the sewer system surcharges and neglects urban floods produced by the
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poor capacity of inlet systems [19]. On the contrary, FD modelling packages, such as Infoworks ICM
(Integrated Catchment Modeling) software [25], can take into account the hydraulic performance of
surface drainage systems connecting network nodes with the 2D overland surface mesh by weirs,
orifices and other experimental equations [20,21].

2.3. Barcelona Semi-Distributed 1D/2D USM

After the two first investigations concerning the development and calibration of a detailed 1D/2D
USM in Barcelona, covering approximately half of the administrative land of the city (more than
50 km2) [20,26], a new SD model has been developed and calibrated in the framework of this work [2]
and the new drainage master plan of the city (PDISBA, from the acronym in Spanish) [11,27].

The large amount of effort related to the analysis of the deficit of surface drainage systems through
the last two drainage master plans of the city and the consequent implementation of thousands of
inlets in all the urban catchments allow the assumption that stormwater could be quickly introduced
into the sewer system by avoiding uncontrolled runoff circulation and aiming to develop an SD 1D/2D
USM (referred to as 1D/2D USM in the following).

Moreover, the new 1D/2D USM presents two relevant improvements with respect to the previous
ones: the model includes the main and secondary sewer network, reaching a total length of 1650 km of
pipes, and covers the whole hydrological area of the city (administrative land and upstream surfaces),
exceeding 120 km2 of model domain.

The model, with more than 85,000 nodes and a discretized 2D domain in an unstructured mesh of
more than 1,360,000 cells, was developed through the Infoworks ICM (Integrated Catchment Modeling)
software (www.innovyze.com) [25] and was calibrated and validated using the historical data recorded
by more than 100 flow depth gauges located in the city’s sewage network and more than 20 rain gauges
distributed in the analyzed domain using Thiessen polygons [11,27]. The average size of the 2D cells
for overland flow modeling is in the range of 25–100 m2.

The model required high-quality topographic information (physical data from the network,
digital terrain model 2 × 2 m with a resolution in height of approximately 15 cm) and phenomenological
information (rainfall data and flow level for the calibration phase), in addition to an adequate hardware
configuration to reduce computation time during numerical simulations [20].

The new 1D/2D USM allowed the estimation of flow variables (flow depth, flow velocity and flood
extension) on the surface prone areas by several numerical simulations of historic events and synthetic
storm hyetographs for current and future scenarios. These values were used for the flood hazard and
intangible risk assessment (concerning pedestrian and vehicular circulation) and the evaluation of
tangible direct and indirect impacts. The same outputs were also used to feed other integrated models
of critical urban services to assess the cascading effects of floods in these sectors.

2.4. Modeling of the Effects of Pluvial Floods on Several Urban Services

Projections of rainfall and sea level rise were used to feed the 1D/2D coupled USM to analyze the
hydraulic behavior of the underground sewer system and the overland flood-prone areas in the case of
pluvial floods for current and future rainfall conditions.

Concerning the assessment of multiple hazards and risks, the proposed methodology is based on
the development of coupled models and tools (“loosely or integrated models”); thus, the outputs of
certain models are used as inputs in others according to the scheme presented in Figure 6 [27].
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Figure 6. Scheme of loosely coupled model approach used for the multi-hazards assessment [27].

The aim of the developed loosely coupled models was the assessment of multi-hazards and
multi-risks (including direct and indirect impacts) produced by urban pluvial floods and the cascading
effects on other urban services (electrical system, waste collection system and surface traffic system).
Table 1 summarizes the analyzed services affected by pluvial floods in Barcelona, the behavior of
which was based on the developed loosely coupled models [27]. Figure 7 shows the analyzed
interrelationships to assess the resilience of some main city services in the case of urban flooding
episodes [28].

Table 1. Loosely coupled models developed and used for the flood resilience analysis in Barcelona.

Loosely Coupled Model Involved Sectors Main Purposes

1D/2D coupled model Urban drainage Flood hazard assessment and socio-economic
flood risk assessment for people and properties

Flooding—traffic model Urban drainage and surface traffic Assessment of flood hazard and flood impacts on
traffic system

Flooding—electric model Urban drainage and electric system Assessment of flood hazard and flood impacts on
electric system

Flooding—waste collecting
model

Urban drainage and waste collecting
model

Assessment of flood hazard on waste collecting
system

Figure 7. Diagram of the impact analyses carried out within this paper and the potential cascading effects.

2.5. Social Flood Impacts Model

Pluvial flood impacts can be classified into tangible and intangible impacts and direct and indirect
impacts [29]. In this study, socio-economic impacts produced by pluvial flooding have been assessed
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according to comprehensive and detailed methodologies carried out and implemented in previous
investigations in several urban areas [29,30].

In the social field, for the assessment of the intangible impacts, human risk focuses on the safety
of pedestrians and vehicles exposed to pluvial flooding events. Risk is defined as the combination of
hazard and vulnerability according to the approach proposed by Turner et al. [31] and implemented in
previous studies [29,30]. According to this, hazard assessment is based on the severity and frequency
of the hydrodynamic variables and is classified based on specific flood hazard experimental criteria
regarding pedestrian and vehicular stability in urban flooded areas (Figure 8) [27,32–34].

 

(a) (b) 

Figure 8. Experimental flood hazard criteria for (a) pedestrians and (b) vehicles.

Regarding flood vulnerability for pedestrians, it is considered to be a function of exposure and
sensitivity, taking into account several indicators such as demographic density, the percentage of
people of a critical age and of foreign inhabitants and the number of critical infrastructures. By setting
thresholds for the proposed indicators, the vulnerability of each census district can be qualitatively
scored and classified as low, medium and high. On the other hand, in order to assess the vulnerability
for vehicular circulation, the exposure for each urban street, expressed in terms of vehicular daily
intensity, is considered. Based on this value, flood vulnerability regarding vehicular circulation
is qualitatively scored and classified as low, medium and high, in a similar manner to pedestrian
vulnerability [28–30].

Methods for risk determination can be qualitative or quantitative, with both having limitations.
If we define risk as the probability or threat of a hazard occurring in a vulnerable area, flood risk can
be assessed through a flood risk map related to a determined scenario and return period by combining
hazard and vulnerability maps [29,30]. Pedestrians and vehicles are expected to be the most potentially
affected by floods in Barcelona. Their risk is related to their stability, and in Barcelona, this is assessed
for the present (baseline) and also for the future (business as usual (BAU)) scenarios according to the
rainfall variable projections for different return periods.

Qualitative risk assessment defines hazards, vulnerability and risk levels by significance levels
such as “high”, “medium” and “low” and evaluates the resultant level of risk against qualitative criteria.
In this case, hazard and vulnerability maps are generally elaborated through specific criteria and
indexes, and so risk maps will be created by multiplying the vulnerability index (1, 2 or 3, corresponding
to low, medium and high vulnerability) by the hazard index (1, 2 or 3, corresponding to low, medium
and high hazard). Finally, the total risk varies from 1 to 9, where higher levels indicate higher risk
according to the following risk matrix (Figure 9) previously employed in other works [29,30].
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Hazard 

Low Medium High 

Vulnerability 
Low Low Low Medium 

Medium Low Medium High 
High Medium High High 

Figure 9. Proposed flood risk matrix for pedestrians and vehicles [28,30].

2.6. Economic Flood Impacts Models

Regarding economic flood risk assessment in Barcelona, tangible direct and indirect damage
were considered [28]. Specifically, tailored flood depth–damage curves were developed for the case of
Barcelona [35,36] and used to feed a detailed damage model regarding properties and vehicles (the two
most affected assets by pluvial floods in the city). The model was already successfully applied for the
city of Badalona [30,37] and validated using insurance claims according to the data received from the
Spanish public insurance company “Consorcio de Compensación de Seguros (CCS)” [28]. This public
entity covers all the damage produced by extraordinary events, such as damage related to natural
hazards (e.g., pluvial floods). On the other hand, indirect damages were assessed by an econometric
model, achieving a constant relation between direct and indirect tangible damage. This model was
also validated using field data [28].

2.7. Integrated Flooding–Surface Traffic Model

The simulations related to the integrated flooding–surface traffic model in Barcelona were
carried out using a mesoscale model and the TransCAD Transportation Planning software (https:
//www.caliper.com/tcovu.htm) adopted by city council’s mobility department (https://www.caliper.
com/tcovu.htm) [38]. The mesoscale model simulated the vehicular flow in each link of the street
network; each link contained detailed information regarding the volume of traffic, its typology (for
example: number of cars, trucks, bicycles, etc.), travel time, the residual capacity of the section, etc.
Flood maps produced through the city’s 1D/2D USM were used as inputs for a dynamic traffic model
to estimate the effects within the city’s surface transportation network produced by pluvial floods.
A recent study developed by Pyatkova et al. [39] analyzed how the flow depth information can be
used as criteria to approximate the reduction of vehicular free-flow speeds to 20 kmh−1 along streets
that have standing water, with a reduction to 0 kmh−1 where the water depths exceed a threshold
value (Table 2). As previously mentioned, the mesoscale traffic model contained information on a wide
number of parameters relating to traffic flows for each road section, including the maximum speeds
allowed on each section. To simulate the effect of flooding within the traffic model, we needed to adjust
the maximum allowable speed parameters based on food model outputs. This approach involved
using geospatial analysis as a precursor to modify the input data of a traffic model, as outlined in
Evans et al. [38], where the outputs from the 1D/2D USM were used to spatially define vehicular speed
restrictions along the road network. The results from the traffic model run under flooded conditions
were compared to the benchmark traffic model (the traffic model run under dry weather conditions)
and the impacts in terms of relative disruption to traffic flows were analyzed.

Table 2. Flood hazard effects on traffic flow (from [38,39]).

Flood Depth Range (m) Hazard Classification Maximum Vehicle Speed (km/h)

Flow depth < 0.1 Low Road speed limit

0.1 < Flow depth < 0.3 Medium 20

Flow depth > 0.3 m High 0 (Road closed)
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Here, flood hazard analysis was performed by a GIS (Geographic Information System) spatial
analysis of the flooded road links; the rules applied in relation to traffic speed reductions are outlined
in Table 2, and the flow depths were provided by the 1D/2D coupled USM. The results of this analysis
were used to select and modify the maximum allowable speed limits for flooded roads within the traffic
model based on the flood hazard. Using these new input parameters, the traffic model was run and
the results compared to the normal (dry weather) traffic modelling conditions. Detailed information
about the approach can be found in the work published by Evans et al. [38].

2.8. Integrated Flooding–Electric System Model

This model analyzed the potential effects of pluvial floods on the electrical system of the city
of Barcelona, with special emphasis on critical infrastructures such as high and medium-voltage
substations, as well as distribution centers, taking into account the possible effects of climate change.

The model was designed for the hazard, risk and cost assessment of the electrical assets, as shown
in Figure 10.

 

Figure 10. Integration of GIS spatial analysis for flood assessment on the electrical model.

In particular, the flooding hazard level of each electrical infrastructure was assessed on the basis
on flood influence areas of 5 m, 25 m and 30 m in radius with respect to their location depending
on the asset type (distribution center (DC), medium-voltage (MV) and high-voltage (HV) substation
respectively), as well as considering the flow depths values every 2 m in order to avoid local errors and
potential uncertainties of the electrical asset location and of the source data provided by the 1D/2D
USW model. In addition, a 10 cm threshold was used to consider significant local flooding. Using these
parameters, the flood affections were classified as complete, partial or null, quantifying the percentage
of flooded surface in each area of influence of each electric infrastructure according to the methodology
proposed by Sánchez et al. [28,40].

One of the most important uncertainties of this model was the lack of knowledge about the
specific location of critical electrical infrastructures (sometimes located on surfaces and at other times
underground or with self-protection elements which were not always known).

For the impacts analysis, a vulnerability curve (known as a fragility curve in the energy sector)
of the electrical infrastructure proposed by the Federal Emergency Management Agency [41] was
used. The curve relates the probability of failure of an electrical infrastructure to the flood depth.
Furthermore, this curve was partially modified to carry out a sensitivity analysis of the final results
regarding this input [40]. The results obtained from the analysis of the percentage of flooding surface in
each area and from the fragility curve were computed to obtain a probability of failure, later categorized
into four different risk categories as shown in Table 3.
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Table 3. Failure probabilities for electrical assets.

Probability Range Categorical Description

PF < 0.01 Low Failure Probability (LFP)
0.01 < PF ≤ 0.1 Moderate Failure Probability (MFP)
0.1 < PF ≤ 0.5 High Failure Probability (HFP)

PF > 0.5 Non-Acceptable Failure Probability (NAFP)

The cost assessment was based on estimations based on GIS computing; furthermore,
we established the supply area of each electrical location using Thiessen polygons and obtained
the power supplied through an estimation of the consumers per area based on the census of the city.

Based on these estimations, it was possible to extract the number of consumers affected and the
time needed to repair the substation as well as the cost of the energy not supplied, the cost incurred by
businesses, auxiliary generation and the damage received by the location [40].

2.9. Integrated Flooding–Waste Collection System Model

In the case of pluvial floods, waste containers can lose their stability due to buoyancy, dragging or
overtopping, thereby allowing debris and leachate to escape from the containers and contaminate the
floodwater and the environment [42]. On the other hand, the containers displaced by the flow can
obstruct superficial drainage pathways or obstruct narrow streets, exacerbating the effects of the flood.
Consequently, waste containers’ stability in the case of pluvial flooding is definitely an environmental,
safety and health concern which needs to be addressed in a context of urban flood resilience assessment.

In order to analyze the significance of this problem in Barcelona, an integrated flooding–waste
collection system model was developed and validated. In the city, there are more than 27,000 containers,
which can be classified according to the type of waste they contain (waste, organic, paper and cardboard,
plastic and packaging and glass), their volume in liters (3200, 3000, 2400, 2200 and 1800 L) or the manner
in which they can be loaded (lateral, bilateral, rear or underground) (Figure 11) [27,42]. In order to
study the stability of these containers, stability curves depending on the type of container, their filling
degree and the overland flow parameters (flow depth and velocity) were created [42].

 

 
(b) 

 

(a) (c) 

Figure 11. (a) Container distribution in Barcelona classified according to fraction type and types of
containers as they are loaded by the bin lorry, (b) lateral load and (c) bilateral load. Adapted from
Martínez-Gomariz et al. [42].
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Finally, on the basis on the location of the containers (Figure 11) and the flow parameters provided
by the 1/D/2D USM model, flood hazard maps showing the unstable waste containers were created
for an historical storm event to validate the model and several synthetic project storms of 1, 10 and
50 years [27,42].

2.10. Holistic Model of Urban Resilience

The information and the results provided by the 1D/2D USM were used as inputs to the HAZUR®

holistic tool for the evaluation of the potential cascading effects produced by pluvial floods on several
main urban services (as well as others not contemplated by the integrated flood models previously
described) and to estimate their recovery time for current and future scenarios. This analysis involved
34 urban services grouped into nine sectors with 563 critical infrastructures. The main urban sectors
and services analyzed included the water cycle, energy, telecommunications, transport, emergencies,
public health, environment and green infrastructures, waste and citizens. The HAZUR® tool is capable
of analyzing cascading effects generated from certain impacts (Figure 12). In the case of pluvial floods,
impacts and cascade effects on electric and transport sectors were assessed for several synthetic project
storms with different return periods (T1, T10, T150, T100 and T500) for current (baseline) and future
(BAU) scenarios.

Figure 12. Cascading effects simulated by HAZUR® for a pluvial flood with a 10 year return period
in Barcelona.

Taking into account the down-times included in the HAZUR® tool (obtained from the sectorial
models or by expert assessment) and considering the interdependencies which exist between several
services and infrastructures, the cascading effects can be simulated [43]. Figure 12 presents an example
of cascading effects generated by a 10 year return period flood event in Barcelona. In this case, as can be
seen in Figure 12, the tool allows us to see that the lack of capacity of the drainage system in the upper
part of the city generates a flood on the high-speed ring “Ronda de Dalt”, stopping the circulation of
vehicles. This affects many other services (such as medical emergency services, the local police or the
citizens), and it also causes the failure of the other high-speed ring “Ronda Litoral”, which in turn
would affect the same services as before (in another area of the city) as well as the port of the city due
to the connection of this highway with that infrastructure.

3. Results

The 1D/2D USM and the derived loosely coupled (integrated) models described in the previous
section were developed and validated using field data provided by sensors and historic collected
information to estimate the potential effects of climate change on the urban drainage sectors and the
cascading effects on other main urban services [27]. The use of this modeling approach allowed us
to achieve valuable results in terms of flood hazards, as well as in terms of socio-economic risk and
impacts on other sectors of the city. In this section, the specific results directly related to the urban
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drainage sector and the other analyzed urban services (surface transport, electric system and waste
collection) are presented.

3.1. Assessment of Social Impacts Produced by Pluvial Floods

3.1.1. Flood Risk for Pedestrians

The hydraulic behavior of the urban drainage system of the city (considering both the hydraulic
response of the sewer network and the overland flow on the urban surfaces) was simulated using
the 1D/2D USM for a large set of synthetic projects storms with return periods T of 1, 10, 50, 100 and
500 years for current and future scenarios. As our first results, following the specific flood hazard
criteria for pedestrians presented in Section 2.5, detailed flood hazard maps were created.

The results also allowed the estimation of flood hazards for pedestrians for each district of
the city (with a total area of approximately 102 km2) and their evolution in the case of a climate
change scenario. The results concerning the current scenario show that areas classified as having
high flood hazard conditions have reduced risk for low return periods (null for T = 1 and less than
5% for T = 10, with this last one being the designed return period for the sewer system of the city),
which progressively increases for higher return periods. This notwithstanding, the results show that
climate change scenarios could produce an increase in high flood hazard areas of between 20% and
50%. Additionally, for the simulation corresponding to return period T1 and BAU scenario, the high
flood hazard area is null for each district [28].

To assess the flood risk for pedestrians, flood hazard was combined with the human vulnerability,
which was achieved according to the indicators mentioned in Section 2.5 (details can be found in [28]).
Vulnerability was qualitatively assessed for each census district in low, medium and high levels.
These classification ranges resulted in the vulnerability map presented in Figure 13, which was also
considered for BAU due to the mainly consolidated urbanistic characteristics of the city [28].

Figure 13. Vulnerability maps for pedestrians.

As stated above, the flood risk results were presented in terms of flood risk maps for all the
considered return periods and scenarios (baseline and BAU). Figure 14 shows the flood risk maps
related to a rainfall storm event with a return period of 10 years for both scenarios.

21



Sustainability 2020, 12, 5638

  
(a) (b) 

Figure 14. Example of flood risk maps for pedestrians for a synthetic 10 year return period projected
storms related to (a) baseline and (b) business as usual (BAU) scenarios.

Furthermore, the high-risk area (in percentage) for pedestrians was broken down into districts in
order to observe the riskiest districts in terms of pedestrians’ stability. Moreover, in order to highlight
the effect of climate change in terms of the increase of high-risk areas in Barcelona, we also present the
variation of high flood risk areas for pedestrians according to the 10 districts into which Barcelona is
administratively divided (Figure 15). It is possible to observe the major increases of high flood risk
areas (around 30% for the whole district of Barcelona) with respect to the climate change coefficients
(from 12% to 16%) for the same return periods [28].
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Figure 15. Expected increase of high-risk areas according to the future conditions.

3.1.2. Flood Risk for Vehicles

The flow variables (flow depths and flow velocity) provided by the 1D/2D USM were also used to
generate flood hazard maps for vehicles for each district of the city and their evolution in the case
of a climate change scenario. The results concerning the current scenario show that areas classified
with high flood hazard conditions have reduced risk compared to the case of pedestrians; in particular,
high hazard is null for T = 1 and is less than 5% for T = 10, with this last one being the designed
return period for the sewer system of the city, which progressively increases for higher return periods.
This notwithstanding, the results show that climate change scenarios could produce an average increase
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of 30% for the whole city with a peak of 50% for specific districts. Additionally, for the simulation
corresponding to return period T1 and the BAU scenario, the high flood hazard area is null for each
district [28].

In order to assess the vehicles’ vulnerability, three levels were also proposed based on a unique
indicator: The vehicular flow intensity (VFI) expressed in veh/day. Depending on this value and
defined thresholds, the vulnerability of each urban road was classified into three levels (low, medium
and high) [28]. The final vulnerability map is shown in Figure 16.

Furthermore, for vehicles, flood risk was assessed through the elaboration of flood risk maps for
all the considered return periods and scenarios (baseline and BAU). Figure 17 shows the flood risk
maps related to a rainfall storm event with a return period of 10 years for both scenarios.

Figure 16. Vulnerability map for vehicles. Green, orange and red colors indicate low vulnerability
(vehicular flow intensity (VFI) < 100), medium (100 < VFI < 1000) and high (VFI > 1000), respectively.

  
(a) (b) 

Figure 17. Example of flood risk maps for vehicles for synthetic 10 year return period projected storms
related to (a) baseline and (b) BAU scenarios.
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In this case, the assessment has also been broken down into districts in order to observe the riskiest
districts in terms of vehicles’ stability. Moreover, in order to highlight the effect of climate change in
terms of the increase of high-risk areas in Barcelona, we present the variation of high-flood risk areas
for vehicles in all of the districts (Figure 18). In this case, it is also possible to observe a major increase
of high flood risk areas (from 20% to 40% for the whole city area) with respect to the climate change
coefficients (from 12% to 16%) for the same return periods.
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Figure 18. Expected increase of high-risk areas according to the future conditions.

3.2. Assessment of Economic Impacts Produced by Pluvial Floods

For the estimation of tangible direct damages caused by pluvial floods generated by urban floods,
both properties and vehicles were considered in the economic assessment. According to the claims data
provided by the Spanish re-insurance company (CSS), these two risk categories are the most significant.

According to the developed methodology to estimate property damage, flow depths on the streets
provided by the 1D/2D USM were properly reduced to achieve flood depths for properties using
specific sealing coefficients, which were collected for 14 land uses in Barcelona [35,36]. As a second
step, flood damages suffered by the properties were evaluated on the basis of tailored flood depth
damage curves for all the 14 land uses; a detailed flood damage model was developed and validated in
previous studies [28,30]. Models considered different typologies of properties: without basements,
with a basement and with up to two basements. On the other hand, configurations with or without
parking access were considered [28,30].

Regarding the evaluation of vehicle damage, a novel methodology—also based on the concept
of damage curves—was implemented. The methodology tried to reduce the uncertainty due to the
mobility of vehicles, proposing heterogeneous vehicular occupation for several areas of the city based
on the information provided by aerial photographs [28,37]. For this assessment, flood damage curves
developed by the Army Corps of the United States of America [44] for five types of vehicles were
adapted for the case study of Barcelona [28,37]. These curves were converted into a single damage
curve weighted according to the percentage of vehicle types in Barcelona, also taking into account
their depreciation according to statistical information concerning vehicle types and their age [28,30,37].

For both properties’ and vehicles’ flood damage assessment, damage maps were achieved for
the return periods T1, T10, T50, 100 and T500 and current (baseline) and future (BAU) scenarios and
aggregated for each district of the city (Figures 19 and 20). These figures show how future rainfall
conditions for a projected storm of 10 years significantly worsen the situation in several districts of the
city. Specifically, it can be observed that all the districts of the downtown would suffer high losses,
and the better situation of several districts upstream would be exacerbated due to climate change.
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(a) (b) 

Figure 19. Example of economic flood damage maps for properties for synthetic projected storms of
10 years related to baseline (a) and BAU scenarios (b) indicating aggregated damages for districts.

Moreover, for both scenarios, the expected annual damage (EAD) [29] for the whole city including
flood damages related to properties and vehicles [30] was calculated. The results indicate that, due to
climate change, the EAD would grow from € 39.8 M to € 54.7 M [28].

Finally, the methodology for the estimation of indirect damages produced by pluvial floods based
on an econometric method of input–output (IO) tables indicated a linear relationship between direct
and tangible losses. Specifically, according to the obtained results, indirect tangible damages produced
by pluvial floods in Barcelona could represent around 29% of direct damages. This increase could be
taken into account in the previously reported EAD [28].

  
(a) (b) 

Figure 20. Example of economic flood damage maps for vehicles for synthetic projected storms of
10 years related to baseline (a) and BAU scenarios (b) indicating aggregated damages for districts.

25



Sustainability 2020, 12, 5638

3.3. Assessment of the Effects of Pluvial Floods on the Surface Traffic Service

The climate-related resilience of a city depends on its capacity to maintain the correct functioning
of the main urban services during extreme weather events such as pluvial floods. The results of the
impacts produced by this kind of floods on the surface traffic system were analyzed according to the
methodology presented in Section 2.7. In this case, flood hazard was assessed through flood hazard
maps elaborated on the basis of flood depths provided by the 1D/2D USM and the specific hazard
criteria previously presented. Hazard maps were elaborated for the return periods T1, T10, T50, T100
and T500 and current (baseline) and future (BAU) scenarios. Examples of flood hazard maps are shown
in Figure 21. Comparing the results for both scenarios, it can be observed that, for the total amount of
1492 km, the increase of the road links that could be affected by speed reduction ranged between 3%
and 30% depending on the return period, while the increase in terms of closed road links could be
around 20% for all the considered return periods (Figure 22).

Finally, through the TransCAD mesoscalar traffic model, the increase in transit time for all the
synthetic storm events was assessed and monetized following the methodology proposed by the
Multi-Color Handbook [45]. The monetization of the increase of traveling time for the whole city
allowed the estimation of a specific EAD for baseline (1.82 M€) and BAU (2.0 M€) [28,38].

  
(a) (b) 

Figure 21. Example of flood hazard maps for surface traffic for synthetic projected storms of 10 years
related to baseline (a) and BAU scenarios (b).
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Figure 22. Representation of the effects produced by pluvial flood on the surface transport system in
Barcelona for current (baseline) and future (BAU) scenarios in terms of km of roads with reduced speed
(a) and km of closed roads (b).
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3.4. Assessment of the Effects of Pluvial Floods on the Electric System

Through the maximum flow depths provided by the 1D/2D USM and the geolocation of electrical
infrastructures, an impact analysis was carried out according to the methodology presented in
Section 2.8.

Figure 23 shows an example of the risk assessment carried out for all the electrical assets for
return periods of T10 and T100. Here, it is possible to see the most affected areas and electrical assets,
which are classified within the categories specified in Table 3 and sized with respect to their failure risk.
It is possible to observe that the area near the Besòs riverside is clearly the most affected by pluvial
flooding, showing the densest cloud of affected locations. Additionally, the figure shows the increase
of the failure probability from the blue-colored baseline scenario (BAS) to the BAU scenario, colored
in green.

  
(a) (b) 

Figure 23. Example of risk maps of all the electrical assets studied for T10 (a) and T 100 (b).

Table 4 shows the number of electrical infrastructures potentially affected by pluvial flood in
Barcelona for baseline and BAU scenarios and their potential level of impact. The table also shows the
social impact that each type of flooding provokes in society by counting the number of people affected
in each case (reaching, in the worst case, 725,119 out 1,620,343 total people in Barcelona) and the losses
provoked for each case, which in the worst scenario amounts to 771,129.01 €. It should be noted that
the high (HV) and medium-voltage (MV) substations with a potential flood risk have been studied
throughout the city, while only the distribution centers (DCs) in the vicinity of Besós and Llobregat
rivers and coastal areas were considered [28,40].
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Table 4. Electrical infrastructure potentially affected by pluvial flood in Barcelona for baseline (BAS) and
BAU scenarios. DC: distribution center; HV: high-voltage substation; MV: medium-voltage substation.

Return Period Scenario
Type of

Location
Number of

Locations Affected
Customers
Affected

Costs
Provoked

T10

BAS

DC 165 14,984 90,403.68 €

HV 6 116,872 2377.23 €

MV 11 94,231 5585.61 €

BAU

DC 187 290,613 192,823.10 €

HV 6 116,872 3709.35 €

MV 13 150,723 2231.57 €

T50

BAS

DC 227 295,490 304,720.21 €

HV 6 116,872 11,267.27 €

MV 13 372,311 6627.44 €

BAU

DC 254 314,932 476,756.76 €

HV 7 116,872 20,367.44 €

MV 15 372,311 18,549.21 €

T100

BAS

DC 249 314,044 451,294.19 €

HV 7 116,872 19,438.12 €

MV 13 372,311 12,771.98 €

BAU

DC 272 315,991 556,183.29 €

HV 8 116,872 28,873.49 €

MV 15 581,566 41,375.86 €

T500

BAS

DC 296 318,232 633,795.69 €

HV 9 215,368 56,870.91 €

MV 17 582,487 28,035.45 €

BAU

DC 324 320,679 771,129.01 €

HV 11 215,368 66,869.66 €

MV 18 725,119 53,948.15 €

3.5. Assessment of the Effects of Pluvial Floods on Waste Collection System

The integrated flood–waste collection model allowed the estimation of the potential number of
unstable containers and their location on specific hazard maps based on their typology and degree of
filling for the return periods T1, T10 and T50 [27,28,42]. This analysis showed that, for the most extreme
episode (T50), some districts of the city such as Ciutat Vella and l’Eixample could have between 20%
and 25% of their containers dragged due to the flow and that, in some cases, this amount could increase
to values above 30% for the BAU scenario. Figure 24 shows, as an example, the computed number of
containers which are potentially unstable for each district under the assumptions of current and future
rainfall conditions for a designed 10 year return period storm.
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Figure 24. Distribution of computed number of containers which are potentially unstable for each
district under current (baseline) and future (BAU) rainfall conditions due to a flooding corresponding
to a designed 10 year storm.

3.6. Assessment of Flood Resilience through a Holistic Approach

The holistic model was used to determine the recovery time of the city in the case of extreme
episodes of pluvial flooding produced by extreme rain events. The analysis of the holistic simulations
allowed the estimation of a recovery time of approximately 1.5 h (calculated as an average value for
all the events with return periods T1, T10, T50, 100 and T500), while for the BAU scenario, this value
increased up to 2 h.

4. Discussion

The potential increase of maximum rainfall intensities in Barcelona due to climate change could
produce a significant increase of tangible and intangibles impacts due to pluvial floods. This paper
aimed to perform a comprehensive multi-risk assessment using a detailed 1D/2D USM and several
loosely coupled models in order to estimate direct impacts not only due to the poor efficiency of the
drainage systems of the city but also due to several cascading effects on other critical urban services.
This kind of analysis represents a key tool for decision makers to achieve a reliable estimation of the cost
of not acting and to propose and justify correct adaptation measures which are able to reduce a large
set of tangible and intangible impacts. For the case of Barcelona, the development and calibration of a
1D/2D USM and its integration in several loosely coupled (or integrated) models allowed us to perform
a multi-risk analysis whose main important outputs are shown in Table 5. Moreover, the geographic
detailed analysis of the potential flood impacts could help in the prioritization of the implementation
of adaptation measures [46]. For example, the results provided by some impact models concerning
intangible (safety for pedestrians and vehicles, stability of containers) and tangible (economic losses for
properties and vehicles) damage indicate that the highest economic and social risks are concentrated in
the districts located in the downtown of the city (near the sea).
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Table 5. Potential pluvial flood impacts due to climate change assessed by loosely coupled models.
EAD: expected annual damage.

Model Type of Impact
Indicator (BAU

vs. Baseline)
Values for T/EAD

1D/2D USM Intangible
Increase (%) of high
flood risk area for

pedestrian and vehicles

Pedestrians:
+30 (T10), +34 (T50), +32
(T100), +30 (T500)
Vehicles:
+38 (T10), +42 (T50), +34
(T100), +25 (T500)

1D/2D USM +
Damage model Tangible

Increase (%) of EAD
(including properties,
vehicles and indirect

damages)

42%

1D/2D USM +
Traffic model Tangible & Intangible

Increase (%) of km of
closed roads; EAD due to

travelling time rise

+31 (T10), +60 (T50), +66
(T100), +116 (T500); + 0.18 M€

1D/2D USM +
Electric model Tangible & Intangible

Increase (%) of the
number of flooded

electric infrastructures;
related EAD

+31 (T10), +60 (T50), +66
(T100), +116 (T500); + 0.18 M€

1D/2D USM +
Waste model Intangible

Increase (%) of the
number of unstable

waste containers

+13 (T10), +12 (T50), +11
(T100), +10 (T500); 0.012M€

5. Conclusions

This paper demonstrates how the integration of a detailed and calibrated 1D/2D USM with other
models and tools which are able to describe the behavior of other urban services can be useful to
simulate the response of these services during pluvial floods produced by heavy storm events.

Furthermore, through the development of these loosely coupled models, socio-economic impacts
related to these events can be estimated and the cascading effects can be fully analyzed, as well as the
interrelationships between services and critical infrastructures.

In this study, the effects of floods in the potential context of climate change for the city of Barcelona
have been analyzed through a multi-risk approach, and the results of this assessment, in terms
of tangible and intangible impacts, have been presented for the whole city and with a geographic
discretization (i.e., in terms of city districts).

The results demonstrate that Barcelona could suffer a significant increase in these impacts due
to climate change if adaptation measures are not adopted. It was demonstrated that increments of
maximum rainfall intensity of 12–16% could cause increments of more than 25–30% in terms of social
impacts (e.g., intangible damages such as the increase of areas classified with high hazard conditions
in case of pluvial flood events) and of 42% of economic losses (including tangible direct and indirect
damages) expressed in monetary terms through the concept of EAD that has been calculated for each
analyzed urban district. Economic losses related to traffic disruption due to pluvial floods could
also increase by 9%, while for the electric system, the increase of economic damage could be 70%,
although the final EAD result was shown to be quite low.

Moreover, the average recovery time of the city (defined as the time in which urban services do
not recover their normal functioning) could increase from 1.5 to 2 h due to climate change effects.

Finally, the paper shows the geographical distribution of the socio-economic impacts.
This information could be very useful for the prioritization of implementation of adaptation measures.
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16. Leandro, J.; Chen, A.S.; Djordjević, S.; Savić, D.A. Comparison of 1D/1D and 1D/2D coupled (sewer/surface)
hydraulic models for urban flood simulation. J. Hydraul. Eng. 2009, 135, 495–504. [CrossRef]

17. Kandori, C.; Willems, P. Impact of the two-directional interaction of sewer and river systems on the flood
risk. In Proceedings of the 11th International Conference of Urban Drainage, Edinburgh, UK, 31 August–5
September 2008; pp. 1–10.

31



Sustainability 2020, 12, 5638

18. Mark, O.; Weesakul, S.; Apirumanekul, C.; Aroonnet, S.B.; Djordjevic, S. Potential and limitations of 1D
modelling of urban flooding. J. Hydrol. 2004, 299, 284–299. [CrossRef]

19. Pina, R.D.; Ochoa-Rodriguez, S.; Simões, N.E.; Mijic, A.; Marques, A.S.; Maksimović, Č. Semi- vs.
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The authors would like to make the following corrections about the published paper [1].
The changes are as follows:

Replacing Table 5.

Table 5. Potential pluvial flood impacts due to climate change assessed by loosely coupled models.
EAD: expected annual damage.

Model Type of Impact Indicator (BAU vs. Baseline) Values for T/EAD

1D/2D USM Intangible
Increase (%) of high flood risk

area for pedestrian and
vehicles

Pedestrians: +30 (T10), +34
(T50), +32 (T100), +30 (T500)

Vehicles: +38 (T10), +42 (T50),
+34 (T100), +25 (T500)

1D/2D USM + Damage
model Tangible

Increase (%) of EAD
(including properties, vehicles

and indirect damages)
42%
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Table 5. Cont.

Model Type of Impact Indicator (BAU vs. Baseline) Values for T/EAD

1D/2D USM + Traffic
model Tangible & Intangible

Increase (%) of km of closed
roads; EAD due to travelling

time rise

+31 (T10), +60 (T50), +66
(T100), +116 (T500); + 0.18 M€

1D/2D USM + Electric
model Tangible & Intangible

Increase (%) of the number of
flooded electric infrastructures;

related EAD

+31 (T10), +60 (T50), +66
(T100), +116 (T500); + 0.18 M€

1D/2D USM +Waste
model Intangible Increase (%) of the number of

unstable waste containers
+13 (T10), +12 (T50), +11

(T100), +10 (T500); 0.012M€

With:

Table 5. Potential pluvial flood impacts due to climate change assessed by loosely coupled models.

Model Type of Impact Indicator (BAU vs. Baseline) Values for T/EAD

1D/2D USM Intangible
Increase (%) of high flood risk

area for pedestrian and
vehicles

Pedestrians: +30 (T10), +34
(T50), +32 (T100), +30 (T500)

Vehicles: +38 (T10), +42 (T50),
+34 (T100), +25 (T500)

1D/2D USM + Damage
model Tangible

Increase (%) of EAD
(including properties, vehicles

and indirect damages)
+42%

1D/2D USM + Traffic
model Tangible and Intangible

Increase (%) of km of closed
roads; EAD due to travelling

time rise

+31 (T10), +60 (T50), +66
(T100), +116 (T500); +0.18 M€

1D/2D USM + Electric
model Tangible and Intangible

Increase (%) of the number of
flooded electric infrastructures;

related EAD

+13 (T10), +12 (T50), +11
(T100), +10 (T500); +0.12M€

1D/2D USM +Waste
model Intangible Increase (%) of the number of

unstable waste containers

Empty: +27 (T10), +28 (T50)
50% full: +28 (T10), +32 (T50)
100% full: +28 (T10), +36 (T50)

Reference

1. Russo, B.; Velasco, M.; Locatelli, L.; Sunyer, D.; Yubero, D.; Monjo, R.; Martínez-Gomariz, E.; Forero-Ortiz, E.;
Sánchez-Muñoz, D.; Evans, B.; et al. Assessment of Urban Flood Resilience in Barcelona for Current and
Future Scenarios. The RESCCUE Project. Sustainability 2020, 12, 5638. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

36



sustainability

Article

Electrical Grid Risk Assessment Against Flooding in
Barcelona and Bristol Cities

Daniel Sánchez-Muñoz 1,*, José L. Domínguez-García 1, Eduardo Martínez-Gomariz 2,3,

Beniamino Russo 4,5, John Stevens 6 and Miguel Pardo 7

1 IREC, Power Systems department, Jardins de les Dones de Negre, 1, 2ª pl., 08930 Sant Adrià de Besòs,
Barcelona, Spain; jldominguez@irec.cat

2 Cetaqua, Water Technology Centre, Carretera d’Esplugues, 75, 08940 Cornellà de Llobregat, Spain;
eduardo.martinez@cetaqua.com

3 FLUMEN Research Institute, Universitat Politècnica de Catalunya, Jordi Girona 1-3, 08034 Barcelona, Spain;
eduardo.martinez-gomariz@upc.edu

4 AQUATEC (SUEZ Advanced Solutions), Paseo de la Zona Franca, 46-48, 08038 Barcelona, Spain;
brusso@aquatec.es

5 Grupo de Ingeniería Hidráulica y Ambiental (GIHA), Escuela Politécnica de La Almunia (EUPLA),
Universidad de Zaragoza, Calle Mayor 5, 50100 La Almunia de Doña Godina, Zaragoza, Spain;
brusso@unizar.es

6 Bristol City Council. 100 Temple Street, P.O. Box 3176, Bristol BS1 6AG, UK; john.stevens@bristol.gov.uk
7 E-distribución. Av. de Vilanova, 12, 08018 Barcelona, Spain; miguel.pardo@enel.com
* Correspondence: dsanchezm@irec.cat; Tel.: +34-933-56-26-15

Received: 28 January 2020; Accepted: 15 February 2020; Published: 18 February 2020

Abstract: Climate change is increasing the frequency and intensity of extreme events and, consequently,
flooding in urban and peri-urban areas. The electrical grid is exposed to an increase in fault probability
because its infrastructure was designed considering historical frequencies of extreme events occurred
in the past. In this respect, to ensure future energy plans and securing services is of great relevance to
determine and evaluate the new zones that may be under risk and its relation to critical infrastructures
for such extreme events. In this regard, the electrical distribution system is one of the key critical
infrastructures since it feeds the others and with the future plans of zero-emissions (leading to the
electrification of transport, buildings, renewable energies, etc.) will become even more important
in the short term. In this paper, a novel methodology has been developed, able to analyze flood
hazard maps quantifying the probability of failure risk of the electrical assets and their potential
impacts using a probabilistic approach. Furthermore, a process to monetize the consequences of
the yielded risk was established. The whole method developed was applied to the Barcelona and
Bristol case study cities. In this way, two different examples of application have been undertaken by
using slightly different inputs. Two main inputs were required: (1) the development of accurate GIS
hazard flooding models; and (2) the location of the electrical assets (i.e., Distribution Centers (DCs)).
To assess and monetize the flood risk to DCs, a variety of variables and tools were required such as
water depths (i.e., flood maps), DCs’ areas of influence, fragility curves, and damage curves. The
analysis was performed for different return periods under different scenarios, current (Baseline) and
future (Business As Usual (BAU)) rainfall conditions. The number of DCs affected was quantified
and classified into different categories of risk, where up to 363 were affected in Barcelona and 623
in Bristol. Their risk monetization resulted in maximums of 815,700 € in Barcelona and 643,500 € in
Bristol. Finally, the percentage of risk increases when considering future rainfall conditions (i.e., BAU)
when calculated, resulting in a 2.38% increase in Barcelona and 3.37% increase in Bristol, which in
monetary terms would be an average of a 22% increase.

Sustainability 2020, 12, 1527; doi:10.3390/su12041527 www.mdpi.com/journal/sustainability37
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1. Introduction

The future projections for climate change augur severe scenarios for extreme climate events,
especially flooding. The predictions indicate increases of frequency in high flows by 10%–30%, while
also increasing in magnitude as well [1,2]. The Climate Research Foundation (FIC) as part of the
RESCCUE project has studied the changes in terms of rainfall intensity for two European cities,
Barcelona and Bristol, with an expected increase of up to 40% [3]. An increase in the rainfall intensity
will provoke consequently higher flood depths in the surface of the cities because of the exceedance of
the drainage and sewer system capacity. Consequently, current flood prone areas will be covered by
higher depths and new flood prone areas will arise [4], which will increase the likelihood of affecting
critical city infrastructures.

As critical infrastructures, the electric power systems are considered the backbone of the city due
to the increase of power-dependent utilities and devices. The water supply through water pumps,
telecommunication centers, transport (e.g., tramway, underground, electric buses, traffic lights, etc.),
and a large list of city services depend on the electrical infrastructure [5], therefore a general system
failure may end in the collapse of a city until emergency equipment is installed [6]. Due to this, the
resilience of cities is of extreme relevance.

Like any other kind of infrastructure, the electrical was designed considering certain return
periods of events that could affect the system at any point, and they were protected and isolated
accordingly. However, the problem arises when the intensity of the considered return period increases
due to climate change, generating unexpected extreme occurrences that increase the likelihood of
damaging the infrastructures that are not prepared for it [2].

Taking into account the aforementioned points and mixing all ideas together, a plausible problem
is presented; the increased probability of electric blackout provoked by flooding due to more frequent
extreme rainfall events caused by climate change, and thus generating the effect of cascading failures
in other urban services.

Although the problem presented above has not been extensively studied, there exist some other
investigations studying similar problems but following different perspectives or focusing either on the
impact assessment or on economical assessment. The most complete study found during the literature
review was a GIS-based method assessing electrical grid and gas network through fragility curves
focused on seismic events [7]. When focusing on flooding events a methodology to assess the flooding
impact probability of the electrical assets was proposed in [8] where through spatial network models
identified and compared the risk of critical infrastructures on flooded lands. Also, [9] proposed a
method to investigate quantitatively the robustness of the grid against flooding events based on the
Hazus methodology [10] providing a detailed risk analysis. The last relevant method found during
the literature review was [11], presenting an integrated modelling framework combining geospatial
information on infrastructure and flood hazard and geospatial modelling of businesses and economic
activities. Additionally, in [12,13] was proposed a methodology to assess the economic losses caused
by flooding events to electrical assets that in fact, has been used partially on this study.

In this context, this study aims to identify first the hazards and to assess later the potential impacts
caused in the electrical sector in Barcelona and Bristol cities that inevitably affect the population of
the cities. This impact assessment is carried out to evaluate the probability of power system failures
after a flooding event occurs, which allows identification of the most critical locations in order to
implement, if necessary, adaptation measures effectively. The impact assessment will also allow an
estimate of the potential cost of the energy lost during blackout periods, and damages caused to the
electrical assets. Therefore, an analysis of the consequences caused by flooding to population and
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the electrical Distribution Systems Operators (DSO) considering failures within the electrical sector is
presented here, together with the description of a novel method to assess risk and estimate losses in
the distribution centers (DCs) of the power network (example given in Figure 1). The application of
these tools has been carried out for the city of Barcelona and Bristol.

 

 
(a) 

 
(b) 

Figure 1. Distribution Center example. (a) Outside view, (b) Inside view.

The paper starts with an overview of the study areas and the data used to later explain the
probabilistic GIS-based method developed and how the data was used to conduct the DC risk analysis
and its corresponding risk monetization. The results are presented in different sub-sections discussing
later all the details to finally conclude with the main findings and evidence drawn.

2. Study Areas and Data Used

The considered case studies have been two different cities, Bristol (UK) (Figure 2a) and Barcelona
(Spain) (Figure 2b). Both cities are very different in almost every possible feature to consider, in the city
design as house grouping, drainage systems, terrestrial topography, electrical grid, etc. and even more
different in the weather conditions. Although they have a similar areal extent (Bristol 111 km2 and
Barcelona 102 km2) the population density in Barcelona is three times bigger than in Bristol, having
around 1,621,000 inhabitants while Bristol has only 460,000. However, the studied area for this energy
analysis in Barcelona has been reduced up to 33% due to key data availability, therefore considering
only the inhabitants living in the main city area (i.e., 326,000 inhabitants).

 

 
(a) 

 
(b) 

Figure 2. Areas of study considered. (a) Bristol city area, (b) Barcelona city area.
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2.1. The Bristol Context

Bristol is recognized as one of the most susceptible cities within the top 10 Flood risk areas in the
UK [14]. This is mainly caused by the influence of the tidal river “Avon”, directly connected to the
sea by mean of the “Severn Estuary”, where tides have a great effect on the river water depth. This
tidal effect is transmitted to a lesser extent to the other rivers that flow into the river Avon. Bristol has
undergone severe floods caused by the combination of storm surges and spring tides, but also others
provoked by heavy rainfall.

Some great historical floods have occurred in Bristol throughout time. The first example is an
historical flood that took place in 1607 when the death of around 2000 people was estimated. A second
more recent example took place in 1896 when a tidal flood event caused a 1m water depth in the city
center, and in 1968 when a combination of a great rainfall with a river flood event killed 7 people and
flooded around 800 properties in the Bristol area. Also, an extreme rainfall event in 2012 caused the
flooding of 25 properties due to surface water flooding [14]. All these examples give an idea of the
flooding experienced in Bristol and present a real problem that this city has suffered over time.

2.1.1. Bristol Flooding Data

From the flooding problems occurred in the past, some city plans have been born and the flooding
records act as a great tool to be used in studies to try to assess the risk to the city in any sector, which in
this case will be the electrical sector.

The study carried out in this paper has used two of the most recent city studies conducted by
Bristol City Council; the Central Area Flood Risk Assessment (CAFRA) focused on the river and tidal
flooding and the Surface Water Management Plan (SWMP), focused on the flooding caused by rainfall
extreme events. In Table 1, the return periods given for each study and scenario are introduced.

Table 1. Different return periods and scenarios run under the flood risk studies.

Return Period

Flood risk study SWMP CAFRA
Current Scenario T20, T100 T20, T100

BAU Scenario T20, T100 T20, T100

2.1.2. Bristol Electrical Data

Regarding the electrical grid, Western Power Distribution is the Distribution System Operator
(DSO) responsible in Bristol city who has provided part of the suitable data necessary for this study,
which comprises the locations of all 11 kV DCs involved in the assessment, substantiating the risk that
these assets can be exposed to.

2.2. The Barcelona Context

In Barcelona, although two main rivers (Llobregat and Besòs) cross the city and flow into the sea,
the tidal influence of the Mediterranean Sea is not relevant, in that the main flooding events have been
caused by heavy rainfall resulting in overtopping banks and river overflow. Every year, one or more
serious rainfall events take place in Barcelona during summer and autumn, normally due to the cold
drop phenomenon.

For what the Catalonia water agency (ACA) has recorded for Barcelona, in February of 1920 there
was great flooding that caused the loss of around 600 properties [15]. After that, the worst flooding of
Barcelona occurred on the 25th September 1962 when 200 l/m2 were registered in less than 3h. This
caused the overflow of Besòs and Llobregat rivers making entire wards disappear through inundation,
destroying whole factories and causing more than 12,000 victims and 617 people dead in several places
of Barcelona province [16]. This disaster boosted the channeling of both Llobregat and Besòs Rivers,
preventing further flooding caused by river overflow. Thereafter, another example of severe flooding
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took place in October of 1987 when Barcelona city services such as the underground, roads, train, tram,
airport, gas, communications and the electric services were blocked until the progressive restoration in
the following days [15].

Taking into account this historical record, the tidal assessment seems irrelevant, as there were no
occurrences for tidal flooding. On the other hand, the extreme rainfall is the phenomenon responsible
for causing the most important flooding events that critically affected the city, hence the importance of
the surface cover flood risk assessment of the different city services in Barcelona.

2.2.1. Barcelona Flooding Data

The entire drainage system of Barcelona has been modelled, providing GIS layers with detailed
information about flooding areas of Barcelona for different return periods and scenarios. Layers with
different return periods (T1, T10, T50, T100 and T500) were generated for a current climate scenario [17]
and for a climate change scenario by considering BAU conditions [18]. The current scenario is based on
historical rainfall data. However, the BAU scenario was created by simulating extreme rainfall events
considering RCP 4.5 and 8.5 by the year 2100.

2.2.2. Barcelona Electrical Data

In the Barcelona case, the electrical grid is managed by Endesa DSO, who provided the location
of the DCs of three important areas: Besòs riverside, Llobregat riverside, and seashore. Due to the
non-availability of DCs location within the entire city, it is not possible to estimate the losses in the
entire city, which makes the focus of the study on the three areas mentioned. These areas were selected
by the DSO as the most relevant for their infrastructure. In addition, to keep the study based on the
real data obtained, no estimations on the other zones have been made.

3. Methodology

To calculate the failure probability of the DC to assess and calculate the potential cost of flooding, a
new methodology has been designed. Such methodology provides an estimation of the assets impacted
as well as the economic evaluation of such faulty conditions. The methodology is structured in different
steps as inputs, probability evaluation, number of assets counting and finally the impact outputs. A
graphical explanation of the method explained in detail in the following sections is given in Figure 3.

3.1. Risk Assessment

For the electrical asset risk assessment, a novel procedure has been established. The first step
was to create a sampling shape layer by using an average diameter of 20 meters for the electrical
DCs wanted for evaluation, with the diameter based on recommendation in the Energy Networks
Association article [19]. The diameter was used to define the influence area for each location and after
that a uniformly distributed cloud of 106 sampling points was created all across the extent (Figure 4).
It is worth noting that such areas allow the tool to cope with location uncertainty in GIS data.
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Figure 3. Flowchart of the method followed in the analysis.

 (a) (b) (c) 

Figure 4. Non-affected area (a), partially affected area (b), fully affected area (c).

The second step consisted of the intersection of the sampling layer with the detailed flooding
map that contained the water depth of each flooded area. After crossing both shapes, the following
parameters were extracted:

• Water depth (in meters).
• Flooding occurrence (Y/N). For this, the condition to get a positive answer was to have a Water

Depth ≥ 10 cm (Flooding was assumed to occur once this this threshold was reached).

The third step was to process the information obtained for every sampling point to calculate a
representative figure for each location. In this way, the rate of the affected area and an average for the
water depth for each location was calculated.

To calculate the Affected Area Rate (AAR), the number of sampling points affected were counted
(nY) and later divided by the total number of sampling points (ntotal) (Equation (1)).

AAR =
nY

ntotal
× 100 (1)
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Afterwards, the Water Depth Average (WDA) was calculated for the sampling points flood depth,
obtaining a general representative number of each location (Equation (2)):

WDA =
1
n

n∑
i=1

Yi (2)

Once the water depth for each location was calculated, the fourth step was to introduce this
parameter in the X-axis of each fragility curve represented in Figure 5. The failure probability was
obtained and represented from 0 to 1 in the Y-axis.
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Figure 5. Original flooding fragility curves for HV, MV and LV electrical substations and distribution
centers (b) (adapted from FEMA, 2009). Softened fragility curve (a) and Hardened fragility curve for
sensitivity analysis (c).

The original fragility curve (Figure 5b) used in this study was adapted from that of the Federal
Emergency Management Agency of the United States [10], previously formed through data gathered
from important disasters occurred in the US electrical grid. It must be remarked that the US grid can
have different standards and protective measures compared to Europe and a different substation and
DC topology. However, in further studies with more data available, the curves can be rebuilt to fit with
the real conditions and features. Taking into account this dissimilarity with the grid established in
Bristol or Barcelona, a sensitivity analysis was performed to assess the possible error caused by this. In
this manner, it is possible to offer a better resolution by contemplating a wider spectrum (Figure 5a,c).

After obtaining the result from the fragility curves, the fifth step was to multiply the Fragility
Curve Probability (FCP) by the AAR, obtaining a final probability of failure for each analysis performed
for each return period given (Equation (3)).

PF = AAR× FCP (3)

The last step was to classify each location studied according to the PF calculated by following the
categories established in Table 2.

Table 2. Different categories set for ranges of failure probabilities.

PF > 0.01 Low Failure Probability (LFP)
0.01 < PF ≤ 0.10 Moderate Failure Probability (MFP)
0.10 < PF ≤ 0.50 High Failure Probability (HFP)

PF > 0.50 Non-Acceptable Failure Probability (NAFP)

3.2. Economical Losses Caused by Electrical Asset Failure

Flooding can cause extensive potential economic losses due to the impact caused to the electrical
assets described in the previous sections. The losses considered in this study are those caused by
non-supplied electricity, damages provoked to the electrical assets, the expenditures associated with
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the renting of emergency electrical supply appliances, and the businesses earning losses provoked by
the shortage. The methodology followed for the calculation of all mentioned losses is explained below.

3.2.1. Effective Damage Cost (EDC)

To monetize the potential damages caused to the electrical assets, a damage curve adapted from
(FEMA-HAZUS) has been applied (Figure 6). The curve initially was given for a 3m depth, but it has
been interpolated from the original one up to a water depth of 9m according to the maximum water
depths obtained in the flooding maps. In Figure 6, the original curve is shown in blue, and the one that
was used for the analysis in green.
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Figure 6. Damage curve used for Effective Damage Cost calculation (Adapted and interpolated from
FEMA-HAZUS [10]).

After introducing the WDA (obtained by Equation (2)) in the damage curve, a percentage of
damage (Dn) in each DC analyzed was obtained. After that, the effective damage cost (EDC) was
calculated according to Equation (4) by multiplying the damage ratio (DES), by the failure probability
(PF) and by the price of the corresponding DC (pSC) that has been estimated based on the substation
voltage given in Table 3. The price of a DC assumed for the cost calculation corresponds to an 11
kV substation.

EDC = PF ×DES × pS (4)

Table 3. Cost of the different substations analyzed based on the voltage (pS) (Adapted from “Climate
change and critical infrastructure-floods” [12]).

Voltage (kV) 225 132 63 33 25 11

Substation cost (€) 9,000,000 5,560,000 3,000,000 1,890,000 1,590,000 1,070,000

3.2.2. Cost Associated with Businesses Losses (BC)

First, a GIS consumer layer based on the ward’s population of each city was created, by using
databases of 2018 obtained from the open data portal of both cities studied [20,21].

A cloud of random points based on the ward population was then generated, therefore representing
the potential consumers distributed along all the study extent. After that, a Thiessen polygons layer
was generated for each electrical asset, representing the supply coverage area of each DC (Figure 7).
The next step was the association of the number of consumers of each random point to the overlapping
Thiessen polygon, getting a total of associated consumers for each DC. It is important to indicate that
such polygons provide an averaged estimation of the population that for global risk assessment can be
accepted as a reasonable result, allowing its application to larger areas.
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(a) 

 
(b) 

Figure 7. (a) Consumer layer based on the different wards of the area studied; (b) Thiessen polygon
layer representing the area of influence of each DC and colored by the total power distributed.

Equations (5) and (6) are taken from a European Commission Joint Research Center (JRC) technical
report [13] analyzing climate change and critical infrastructure. These equations evaluate the losses
accounted by city businesses provoked by electrical shortages. Equation (5) uses the Gross Domestic
Product (GDP) of the city and multiplies it by the probability of failure of the DC (PF), by a ratio of
the part of population affected (number of people affected by the shortage (nP) divided by the total
population (ntot)), by the fraction of the year that the shortage takes place (shortage duration in days
(tWE) divided by 365). In this way, the previous DC failure analysis allows the calculation of this
formula that will estimate the cost of the shortage to the businesses.

Bussiness Cost (BC) = GDP× PF × nP

Ptot
× tWE

365
(5)

Equation (6) will give the total cost of the losses associated with local businesses by adding the
values previously calculated in Equation (5).

Total Bussiness Cost (TBC) =
∑

k

BCi (6)

3.2.3. Energy Non-Supplied Cost (ENSC)

In this section, the electrical supply losses caused by the shortage duration have been estimated
by following some different steps for the two cities studied due to the data availability.

The first step was to estimate the power supplied at each DC. In Barcelona, this step was not
necessary because the real parameter was known, making the analysis performed in the selected areas
quite accurate.

However, in Bristol, the average electrical demand of each DC studied was estimated based on
the GIS layer generated in “3.2.2. Cost Associated with Businesses Losses (BC)” where the consumers
were associated with the different DCs. The power estimation consisted of the multiplication of the
total number of consumers by an average consumption of 531 kWh gathered from the world data
portal [22]. In this case, the power losses could be underestimated, due to the business locations, the
industries and other possible sources of consumption were neglected.

Another important parameter required for the calculation of ENSC is the repair time (tR), which
was calculated by associating the different damage categories to the repair time obtained from “power
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grid recovery after natural hazard impact” [6], creating in such a way a damage-time curve based
on these categories (Figure 8). Because in this study the damage will never overpass the 50% mark
(see Figure 8), the categories that could exceeded that mark were discarded for a better equation
curve-fitting, and the rest of categories were represented in a scatter chart, looking for a trend line that
really fits the curve. In this case, it was found that a polynomial curve fitted almost to the perfection
with the damage-time curve (R2 = 0.9987). Hence, it was possible to adapt from a categorical scale to
continuous by using the trend line equation.

Figure 8. Repair time-damage curve obtained from deriving data from “power grid recovery after
natural hazard impact” [6].

For those future cases in which 100% damage can be reached, it is suggested to consider a
total replacement.

Thus, the equation obtained from Figure 8 was applied to the damage percentage calculated in
the previous step for all locations analyzed to obtain the corresponding repair time of each one.

Thus, DES was applied to the trend line equation, obtaining the corresponding repair time of each
location damaged.

Once the DCs power and the repair time were calculated, the energy losses were derived according
to Equation (7).

ENSC
{

PF·PES·tR·pE, tR ≤ tWE

PF·PES·tWE·pE, tR > tWE
(7)

where PF is the failure probability, PES is the DC power, pE is the energy price and tWE is the period
without energy.

In such a way, the energy blackout will be extended up to the Auxiliary Generation systems that
are put into operation. From this point onwards, the cost will be directly attached to the Auxiliary
Generation Cost.

3.2.4. Auxiliary Generation Cost (AGC)

In this section, the cost attached to the energy generation to avoid the prolongation of the shortage
was estimated. The use of diesel emergency power generator support was assumed for when the repair
time exceeded 9h of duration. This period was chosen as a hypothesis assuming the rainfall duration
given for the flooding maps calculation (i.e., 3 hours) and 6h of response time to rent, transport and
install the equipment. In this way, the calculation of the cost of penalties to the DSO company can be
neglected in the analysis, although this, depending on the severity of the event experienced could be
an underestimation.

It has been considered the transport of the equipment (CAGT) to the affected DC as 20€, and three
different tranches of renting price depending on the number of days required. The first renting tranche
(CRt1) has been set as 100€/day when the period is less than 1 week. The second tranche (CRt2) takes
part when the problem is extended from one week to three weeks with a renting price of 50€/day and
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the third tranche (CRt3) when the repair tasks need more than three weeks, the price is reduced up to
40€/day. The prices used for this calculation have been taken from a company of machinery renting in
Barcelona [23]. In addition, the fuel consumption cost (CFC) was added to the calculation as well as the
number of auxiliary generators (nAG) (Equation (8)).

AGC

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0, tR ≤ tWE

PF·CAGT·nAG + CFC + CRt1·nAG, tWE < tR < 1 week
PF·CAGT·nAG + CFC + CRt2·nAG, 1 week < tR < 3 weeks

PF·CAGT·nAG + CFC + CRt3·nAG, tR > 3 weeks

(8)

The number of auxiliary generators was calculated by dividing the DC power consumption (PES)
by the maximum active power given by the generator (PAG) and rounding up the result to the whole
number (Equation (9)).

nAG = � PES
PAG
� (9)

3.2.5. Estimation of the Total Losses

The total losses were calculated by adding all the cost values calculated in the previous sub-sections
(Equation (10)).

Losses Related to the Grid (LRG) = EDC + BC + ENSC + AGC (10)

4. Results

4.1. Risk Assessment Results

After the application of the methodology presented in Section 3, based on hydraulic modelling,
probabilistic functions, and GIS processes, the results are presented for both case studies in Barcelona
and Bristol, and both scenarios presented, current (Baseline) and future (BAU) rainfall conditions.

4.1.1. Barcelona

In Barcelona city, the results obtained for the risk analysis are given in Figures 9 and 10. These
results are the output of the different analyses made with the different fragility curves FC1 (Softened
fragility curve), FC2 (Original fragility curve) and FC3 (Hardened fragility curve) presented in
Section 3.1.

The number of DCs affected in FC1 and FC2 was the same in the corresponding return periods,
but with the difference that these DCs were allocated in different risk categories. While FC2 allocated
more DCs in LFP and NAFP, FC1 did in MFP and HFP. However, FC3 diminishes the number of DCs
affected due to those under LFP and MFP being dismissed (Figure 9).

Also, between scenarios, a percentage of increase over the total of elements analyzed was extracted
(i.e., 1342 DCs).

Depending on the return period analyzed and the fragility curve observed, there is a different
increase from current scenario to BAU. With increases of up to 32 DCs affected in the BAU scenario
means 2.38% of the total number of DCs, although this happens in the lowest importance category
(i.e., LFP). In MFP, an increase of 22 DCs was found in T500 return period, meaning 1.64% over the
total and in HFP 7 DCs, that is a percentage of 0.52%. All the increases found for the maximum return
period analyzed T500, are depicted in the map of Figure 10, colored in green.
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Figure 9. Summary chart of the DCs at potential risk found by the implementation of the method
developed in Barcelona.

 

Figure 10. Multiple Barcelona map representation of the DCs analyzed, regarding the different fragility
curves (FCs) studied and the different scenarios analyzed for return period T500.

4.1.2. Bristol

In Bristol city, the effect of FC1 and FC2 is the same as in Barcelona. The number of DCs detected
at risk is the same, but this is through allocating them in different risk categories and showing the same
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allocation pattern. Otherwise, the results obtained by means of FC3 are almost null, presenting only
one DC at risk in NAFP (Figure 11).

Figure 11. Summary chart of the DCs at potential risk in Bristol found by the implementation of the
method developed.

The analysis between scenarios was also made in Bristol, where a total of 1869 DCs were analyzed.
From current to BAU, it was found in LFP that there was a maximum increase of 63 DCs, representing
3.37% over the original total. Also, in MFP there was a maximum increase of 1.12% (21 DCs) and 0.43%
in HFP with eight more DCs affected. In Figure 12, the increases are represented for the maximum
return period analyzed (i.e., T100).
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Figure 12. Multiple map representation of the DCs analyzed in Bristol, covering the different FCs
studied and the different scenarios analyzed for return period T100.

4.2. Monetization Results

In general, the effective damage cost (EDC) is the most significant part of the cost with around
90% of the total gross, followed by the business cost (BC) with an average percentage of 8%.

In contrast, the AGC signified 1% of the total while the ENSC was practically negligible.
The detailed results for both study cases analyzed are explained with a bit more detail in the

following paragraphs.

4.2.1. Barcelona

In Barcelona, after calculating the flooding cost with the methodology described in Section 3.2,
the different results obtained for the three different fragility curves (FC) cases show that in general,
there is a rising increase in the cost incurred from the lowest to highest return periods calculated. In
return periods of T1, there are no significant costs associated but from T10 to T500 it is possible to find
costs from around 150,000 € up to 860,000€ at its highest (Figure 13).

Figure 13. Summary chart of the monetization results for Barcelona study case. It is differentiated
between the return period studied (T), different fragility curves applied (FC) and scenarios applied.

The fragility curves applied show a significant difference between the application of FC1 and FC2,
decreasing the costs associated with DCs failure. However, between FC2 and FC3, the differences are
not quite so evident, and even in T10 of FC3, there produced an increase in costs in comparison to FC2,
but in general, the costs remained quite similar (Figure 13).

In Figure 14, the DCs susceptible to provoke the maximum losses can be identified. In general,
the major losses come from the North-East side of Barcelona, which coincides with the Besòs riverside
where several locations could potentially provoke costs up to 50,000€ in the case of the BAU scenario.
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Also, in an area of the central part of the seashore, (i.e., the Raval ward) there is one DC prone to
provoke losses up to 50,000€ as well and other several locations that could provoke costs up to 20,000€.

 

Figure 14. Barcelona map representing the locations that are prone to produce the major losses provoked
by electrical shortages in the return period T500.

4.2.2. Bristol

In the Bristol case, the total losses range from 400,000€ to around 1,000,000 €maximum.
The patterns followed are virtually identical to the previous study case. The results produced

for Bristol city with the application of FC2 and FC3 are quite similar while the FC1 generates slightly
greater losses (Figure 15).

Figure 15. Summary chart of the monetization results for the Barcelona study case. It is differentiated
between the return period studied (T), different fragility curves applied (FC) and scenarios applied.

In the map represented in Figure 16, it is possible to see where the costs from 1,000€ to 50,000€
are located and which type of flooding (i.e., tidal/fluvial (CAFRA) or pluvial (SWMP)) is causing the
loss and the scenario in which is caused. The most severe cases are located around the city center and
caused by tidal fluvial problems, with some cases that can provoke losses up to 40,000€ in the current
scenario, or up to 50,000€ in the BAU scenario.
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Figure 16. Bristol map representing the locations that are prone to produce the major losses provoked
by electrical shortages in the return periods T100.

The losses caused by pluvial events are in other points of the Bristol area, more specifically in the
Henbury ward with losses up to 40,000€ and in the Hengrove ward with losses up to 30,000€.

5. Discussion

The risk of assets has been quantified in other studies and in several ways, but not in the same
way it was conducted here. For example, a GIS-based method was proposed by JRC [7] to assess the
electrical grid and the gas network in case of seismic events using seismic fragility curves proposed
by FEMA-HAZUS [10], which is similar to what was done on the failure assessment of this study.
However, it was not taken into account how to assess the economic losses, later releasing other studies,
with methodologies to evaluate the economic losses caused by storms and floods to the electrical
infrastructure in [12,13], but never fusing them in a complete methodology and using it in case of
flooding. The case of [9] builds on FEMA-HAZUS methodology [10] and follows a much more detailed
analysis by using interdependencies but with the single problem of the huge requirement of data and
the added difficulty of creating the network topology, and in most of the cases that information is
confidential. Considering other methodologies as the proposed in [8] only the probability of flooding is
assessed and not the probability of failure neither the economic losses. The most similar methodology
can be found at [11] where a GIS-based approach is taken for the assessment of the electrical sector in
flooding events determining the system exposure and vulnerability of the grid to flooding, with the
particularity of not using fragility curves. A good point here is that this study takes into account other
ways to assess the economic losses considering the economic sectors involved in each area of study.

Regarding the points highlighted above and the new procedures developed, this is a novel process
that allows an analytical interpretation not only of the risk that electrical assets are exposed to but also
about the potential costs that these assets could produce in many different ways to the population and
to the DSO company.

This process enables the user to find the distribution center most exposed to flooding within a
set region, allowing them to then take preventive measures if necessary on behalf of the responsible
organization or authority.

This study evaluated several scenarios by using different parameters. This allowed a check on the
effectiveness of the process and to establish comparisons between the different scenarios proposed.
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5.1. Comparison between Fragility Curves

The results produced in the different analyses, carried out by applying the different fragility curves
modelled, offer a comprehensive view of the effect of changing the curve shape, as demonstrated in
the results produced. The analysis made with FC1 (softened fragility curve) may overestimate the
results because high failure rates at low water depths are considered. On the contrary, when using
FC3 (hardened fragility curve) the results can be underestimated due to the curve considering zero
failure probability up to water depths of 1.4m. Taking into account the results presented, FC3 is neither
representative nor realistic because it omits a high number of DCs with a failure probability in the other
FCs. As the arrangement of the electrical elements can vary heavily between DCs, a zero probability
would be a great underestimation. In fact, taking the experiences of electrical companies’ employees, a
DC can fail from very low water depths and the threshold to identify the flood risk was set to 10 cm in
the risk analysis.

In general, taking FC2 as a reference point, FC1 results in a 19% cost average increase caused by
the sum of all the possible small losses produced by low failure probabilities, while FC3 results in a 9%
cost average reduction, as it neglects all of the small losses and keeps the gross.

In the end, the variation in the fragility curves can be taken as a pessimistic, neutral or optimistic
view if choosing from FC1 to FC3, although in general, FC3 is not representative.

5.2. Comparison Between Current and BAU Scenario

The first comparison made was between a current scenario, where different return periods based
on historical data were modelled in flooding shape layers, and a BAU scenario considering climate
change with an RCP 8.5, estimating the flooding that could occur in the year 2100. As is normal, in the
results obtained, the BAU scenario introduced higher risk and consequently higher costs.

Depending on the fragility curve applied, the differences between both scenarios change, but
counting the maximum change experienced in both cities, the maximum increase in the number of
DCs affected goes in the LFP category with a 2.38% increment in Barcelona and 3.37% increment in
Bristol. Also, big increases are presented for MFP with 1.64% rise in Barcelona and 1.12% in Bristol.
These increments seem to be very low but when translated into cost, the average increase is a 22%
respective difference to the current scenario, but depending on the case analyzed, the percentage can
vary (Figure 17).

Figure 17. Radial chart that represents the cost increase provoked by climate change in a future scenario
by taking into account all return periods for different fragility curves, scenarios and cities.
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5.3. Comparison between Cities

It is difficult to make a complete comparison between both cities due to different return periods
being analyzed (in Bristol these were lower than in Barcelona), and because of the context of each city.
With regards to context, it has to be taken into account that the extent of both cities studied is more or
less within the same scale (Bristol with 111 km2 and Barcelona with 102 km2) but the effective territory
studied is much less in Barcelona (only 32% which means 33km2) and also 326,000 inhabitants against
460,000 in Bristol. In this aspect, the number of inhabitants of both cities is also similar.

In addition, the hydraulic models that simulate the flooding are different. In Barcelona, the whole
drainage system was included within the model, while in the underground Bristol sewer network only
larger diameter pipes, although in Bristol this considered both pluvial and fluvial flood events, while
in Barcelona, only the pluvial flooding was considered.

Bearing in mind the above statements and taking the unique return period (T100) run for both
cities an analysis comparing the cities was performed, resulting in quite similar losses for each fragility
curve applied but always resulting in Bristol being the city most affected by flooding. In Figure 18a
the total costs are represented for both cities, for the two scenarios analyzed and the different fragility
curves developed, showing a clear difference between cities in almost all cases analyzed. As this
difference could be linked to the number of DCs analyzed in each city, the total cost has been unified
taking into account the total number of DCs analyzed in each city (Figure 18b). In this case, the
difference between cities is even more noticeable, which is something reasonable taking into account
the great problem that Bristol has with flooding [14].

(a) (b) 

Figure 18. Radial chart that takes into account the return period T100 for different fragility curves and
scenarios, comparing both cities taking into account (a) the total costs associated with risk and (b) the
unified cost by DC.

6. Conclusions

This paper has gone through a methodology that aims to estimate and classify the DCs at
risk of flooding in different classes set by failure probabilities, as well as the energy losses and
their expenditures provoked by shortages caused by potential flooding. This methodology takes a
probabilistic GIS-based approach to quantify the risk of electrical shortage in different areas caused by
DCs flooded. In this research it has been demonstrated that it has become possible to implement this
method to any city where the locations of the DCs and a flooding model are available.

The method used to go through different steps for each city, depending on the data availability for
each one, offers several ways to estimate risk and electrical losses with, inevitably, different accuracy.

As a result, it can be drawn the potential losses incurred to put them into balance against the cost
of taking protective measures if the assets analyzed are not already under protection.
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Abstract: Barcelona city has a strong dependence on the Ter and Llobregat reservoir system to provide
drinking water. One main concern for the next century is a potential water scarcity triggered by a
severe and persistent rainfall shortage. This is one of the climate-driven impacts studied within the
EU funded project RESCCUE. To evaluate potential drought scenarios, the Hydrologiska Byråns
Vattenbalansavdelning (HBV) hydrological model reproduces the water contributions by month that
have reached the reservoirs, regarding the accumulated rainfall over each sub-basin, representing
the available historical-observed water levels. For future scenarios, we adjusted the input data set
using climate projections of rainfall time series data of the project RESCCUE. Local outputs from 9
different climate models were applied to simulate river basins’ responses to reservoirs’ incoming
water volume. Analyzing these results, we obtained average trends of the models for each scenario,
hypothetical extreme values, and quantification for changes in water availability. Future water
availability scenarios for Barcelona central water sources showed a mean decrease close to 11% in
comparison with the period 1971–2015, considering the representative concentration pathway 8.5
(RCP8.5) climate change scenario in the year 2100. This research forecasts a slight downward trend in
water availability from rainfall contributions from the mid-21st century. This planned future behavior
does not mean that the annual water contributions are getting lower than the current ones, but rather,
identifies an escalation in the frequency of drought cycles.

Keywords: drought; water scarcity; water availability; climate change; hydrological modeling; resilience

1. Introduction

Climate change estimates to affect all spheres of human activity in the natural environment,
including water resources. Defined as a shortage in rainfall over an extended period, a season or more,
drought affects both human activities and the environmental balance [1]. A significant proportion of
the human population is currently experiencing restrictions on access to drinking water due to drought
events, a vulnerable component of the natural and social action chains [2].

Increases in drought events’ frequency and severity are forecast under the impact of climate
change [3], examples include events in China (1991–1996), East Africa (2010–2011), United States of
America (2011–2012), Australia (2013–2016), and Catalonia, Spain (2006–2008) [4]. Water resource
availability shortage threatens urban areas due to factors such as rapid urbanization, increased water
use, lack of climate change adaptation policies, and repeated drought events [5]; drought has historically
affected 35% of the population hit by natural hazards [1].

Globally, the drinking water requirement for cities has increased due to rapid population growth
in cities, pollution of water sources, stress on groundwater sources, and the impact of extreme weather
conditions [5]. Researchers concur that drought events will be intense due to lower rainfall and higher
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evapotranspiration in some areas of Europe, above all impacting Spain [6,7]. Therefore, understanding
the complexity of drought events is essential for the city of Barcelona in facing the next century,
associated with rainfall shortage. However, drought is a slow process of shortage accumulation, and
the sharpness of drought episodes is not only related to current rainfall, but much more related to the
cumulative impact of previous hydrological balances.

One of the criteria for proper reservoir management as part of a water supply system is the
rigorous design and implementation of the guidelines of reservoir operation along with environmental
planning, allowing management to have the tools to cope with growing climate change influence on
water scarcity [8]. Reservoir operation is “a large-scale multi-objective optimization problem” [9].
Therefore, this paper contributes to the understanding of the hydrological process in the Barcelona
water supply reservoir system under climate change influence, as one of the factors involved in
this process.

Barcelona and its metropolitan area dependent on the Ter and Llobregat reservoir system to
provide the water demand throughout the year. According to the Catalonian river basin management
plan [10], a document from Catalan Water Agency (ACA, Catalonian water resources administrator),
Barcelona uses mainly Llobregat river water (38%), and Ter river water (55%), while for the remaining
7%–8% it employs groundwater. Both basins have their higher part controlled by reservoirs which
modulate the required water resources. Barcelona is far from these reservoirs, but the drought situation
depends on their stored water volumes.

When these volumes are lower than threshold levels (less than 30% of water stocks in the reservoirs)
as set by the Drought Plan from the ACA [11], a drought contingency triggers concerning water use
restrictions for activities such as irrigation, leisure, industrial purposes, etc., as happened in 2007 and
2008. Beyond environmental and social impacts generated by Barcelona 2006 and 2008 extreme drought
events, a study estimated drought impacts valued at 1605 million euros, half a point of Catalonia’s
GDP [12].

Catalonian droughts’ knowledge is most of all based on drought events’ variability studies,
either historically avoiding any future SPI (standardized precipitation index) and SPEI (standardized
precipitation–evaporation index) indicators projection [13], or assessing climate change effects without
considering the representative concentration pathways (RCPs) presented in the Intergovernmental
Panel on Climate Change (IPCC) fifth assessment report [14].

Gallart et al. [15] estimated trends for the rivers’ discharge in the Ter–Llobregat system
analyzing their historical records. However, this approach did not attempt to consider the contextual
factors that influence the availability of water resources in the future for the Ter Llobregat system.
The research would have been relevant if a forecast had been considered, introducing a future water
resources scenario.

The Drought Plan (Alert and eventual drought exceptional action plan) developed by the
Catalonian government (Generalitat de Catalunya) and the ACA in 2016, proposes a Ter–Llobregat
water resources evolution. This research applied the SIMGES hydrological model with the multivariate
periodic autoregressive (MPAR) stochastic model, based on 68 years of historical monthly flow
contribution contributions series and comparing them with the generated synthetic series for a 500-year
return period.

Likewise, a synthetic series was designed to analyze critical episodes of drought and estimating
probabilities of occurrence by extrapolating historical climatic conditions [11]. Therefore, this study
focused on understanding how climate change plays a role in Barcelona’s drought events as one of the
significant nature-based concerns for the next century [10,16,17].

Our research aim is broadening future drought events’ knowledge, considering climate change
impacts. We defined the design and implementation of a model for water amounts reservoir balance
at a month scale, analyzing basins rainfall. This paper, as a first of its two-fold aim, represents
observed reservoir water levels implementing the HBV (Hydrologiska Byråns Vattenbalansavdelning)
hydrological model and studied the application and validation of the SIMGES model and the
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HBV model as appropriate tools to forecast drought frequency for Barcelona’s case. After the
historical model calibration and validation process, we obtained rainfall projections using nine Earth
system models (ESM) and two representative concentration pathways’ (RCP) scenarios—RCP4.5 and
RCP8.5—belonging to the fifth Coupled Model Intercomparison Project (CMIP5), provided by the
Spanish Climate Research Foundation (FIC, accordingly to the Spanish acronym).

Second, we integrated these rainfall outputs within the hydrological model to simulate reservoir
volumes as watershed responses, developing 30 different storage patterns. Outcomes of the models
were analyzed to get average trends and extreme values for each scenario to estimate a single water
availability trend for both reservoirs, to understand and analyze the water resource availability in
Barcelona in the near future under different climate change situations. Our study outcomes provide
additional support to plan water utility improvements, to evaluate extreme case scenarios, and to
assess hazards related to water scarcity in further research.

2. Materials and Methods

2.1. Hydrological Model Background: Description and Setup

Drought, under a hydrological viewpoint, as usual, indicates below-normal levels of flow
from lakes, streams, and reservoirs or groundwater with generally accepted indicators, such as the
standardized runoff index (SRI), the surface water supply index (SWSI), the groundwater resources index
(GRI), among others [4]. Precipitation patterns and changes in the precipitation–runoff relationship as
essential variables to define drought which allows the assessment and simplification of climate change
impact on urban water availability [3].

The study used precipitation pattern analysis to gain insight into rainfall influence over reservoirs’
water availability. Simulations of the water volume at each reservoir applied HBV, an integrated
hydrological modeling system, developed at the Swedish Meteorological Hydrological Institute.
The model relies on three different reservoir modules: one that simulates the behavior of the soil;
the second, the upper reservoir and, finally, the lower reservoir that accounts for the groundwater base
flow [18].

Some researchers have highlighted [19,20] how the HBV model is accurate, reproducing present
and future water processes in the Llobregat basin. Thus, the HBV model is suitable to simulate
the reservoirs’ contributions over the Llobregat and Ter’s basin. The model requires the physical
properties of the basin as well as the climatic inputs, including precipitation, temperature, and potential
evapotranspiration. The time scale for the input data was day-to-day. Detailed discussion on the
hydrological model’s internal functioning falls outside the scope of this paper.

Using the Thornthwaite formula (ETPraw) gave us an estimation of potential evapotranspiration.
Then, we applied a correction to get a better adjustment to the results obtained according to
two parameters, using the Penman evapotranspiration as a reference. The evapotranspiration
calibration process with two meteorological stations data in Llobregat and Ter basins computed
Penman evapotranspiration (ETP) equation according to data availability.

2.2. Model Calibration, Validation, and Sensitivity Analysis

Table 1 describes the seven calibrated parameters applied to characterize each rainfall event
introduced into the model sub-basin. These are all conceptual parameters, not easy to estimate from
basin physical properties. The choice of the seven calibration parameters followed a preliminary data
analysis, checking their values’ availability and validity for a monthly time-step; in addition, according
to local conditions, snow-related parameters were discarded.
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Table 1. The calibrated Hydrologiska Byråns Vattenbalansavdelning (HBV) model parameters for the
Llobregat and Ter river basins.

HBV Model Parameter Description {Unit}

β
A shape coefficient that determines the precipitation

contribution to the runoff
FC Field capacity {mm}
LP Limit above Actual Evapotranspiration (AET) reaches ETP
K1 Recession coefficient
K2 Recession coefficient

UZL Threshold parameter {mm}
Perc Percolation ratio

A Montecarlo simulation was conducted examining 10,000 combinations where there was an
available gauge station to calibrate the parameters at each basin, setting the established objective
function as accurately as possible (Nash-coefficient, Equation (1)), at a daily timescale if conceivable,
in addition, relating with monthly volumes used as a reference, based on the obtained hydrographs
when the information was available. Validation of water volume contribution data used ACA’s water
contribution estimations from the Aquatool SIMGES module developed by IIAMA [21].

Nash coe f f cient = 1−
∑T

t=1

(
Qt

m −Qt
o

)2
∑T

t=1

(
Qt

o −Q0
)2 , (1)

where Qt
m = simulated discharge, Qt

o = observed discharge, and Q0 = mean observed discharges.
Nash-Sutcliffe efficiency ranges from −∞ to 1. The closer to 1 the coefficient is, the more accurate the
model is. An efficiency equal to 0 means that the approximation is as good as the mean of the observed
data. Results are acceptable when positive values are higher than 0.2.

2.3. Framework for Assessing Future Water Resources Allocation

To define some potential situations, the representation of reservoir water contribution depends
on the rainfall of the sub-basins over each dam. Outcomes include average trends of the models for
each scenario, hypothetical extreme values, and the quantification of a possible number of times that
reservoir systems could encounter warning events. Reservoir volumes relate to the ACA’s 1999–2018
historical data and since 2006 climate model forecasting. Therefore, the historical data range was
1999–2005 and projections cover 2006 to 2100. Rainfall time-series projections from 9 distinct climate
models (see Section 3.2) were employed to simulate reservoir input volumes’ behavior. The outcomes
of these nine models were averaged to find a single trend for each system obtaining four trends, two
for each reservoir (RCP4.5 and RCP8.5).

3. A Case Study for Barcelona City

3.1. The Study Area

The Llobregat and Ter rivers and other small basins (defined as the Ter–Llobregat system) supply
the Barcelona metropolitan area with drinking water. Llobregat river provides about 38%, and
the Ter river supplies 55% of raw water for water drinking treatment plants for Barcelona [22,23].
The coupled basins’ total drainage area is 4957 km2, with a surface elevation variation from almost
2500 m (pre-Pyrenean mountain range) to the sea level, as Figure 1 shows.

A seasonal rainfall variability phenomenon in the two river basins led to water demand-supply
fluctuations. Despite this infrastructure, water resource management is complex and involves
groundwater extraction from aquifers and seawater desalination in extraordinary drought events [24].
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Figure 1. Location of the involved reservoirs, rivers, catchments, and morphology of the study area.

Some key aspects of each sub-basin over the Llobregat and Ter river basins (see Figure 2) can be
listed as follows:

• La Baells: Llobregat river basin divides into four sub-basins. Those contained in Guardiola de
Berguedà zone include aquifers 112 and 115, with an area of low permeability. This sub-basin
catches the flow from the upstream sub-basins and adds its contribution.

• La Llosa del Cavall: Four different sub-basins constitute this Llobregat river basin. La Coma i La
Pedra y La Llosa del Cavall represent a part of aquifer 116, with two additional sub-basins of low
permeability downstream.

• Sant Ponç: Two sub-basins define the basin part of the Llobregat river. In this case, there is no
aquifer over the area.

• Sau: This Ter river basin is divided into six different areas. Those located within the region up
to the Ripoll gauge station correspond to the upper aquifers 110 and 115, which represent 75%
of the total contribution reaching the Sau reservoir. Sub-basins’ simulation was with the same
properties but with different precipitation and temperature data.

• Susqueda: It considers one sub-basin of Ter river catchment. Besides, it employs a setting of
aquifer 203 parameters for month-by-month water contributions.

3.2. Data

Research data was from three main sources. Rainfall and temperature records were from the
Spanish Meteorological State Agency (AEMET), considering all available stations. Forty-four weather
stations provide Ter basin 1980–2015 rainfall records, and eleven weather stations contribute Llobregat
basin records. Each zone drawn with the same color represents an area with equal rainfall estimation
by the Thiessen polygon method (Figure 2).

The calibration of the HBV model discharge results uses data from stream gauging stations of the
ACA managed upper basins. As it is not possible to use gauging stations data in basin lower zones,
we calibrated the ACA hydrological simulated data with the historical calibrated upper zone discharge
data and compared the computed values against the HBV model dataset.
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Figure 2. (a) Division of sub-basins for the reservoir system on the Ter river; (b) Aquifers in the Ter
river basin; (c) Division of sub-basins for the reservoir system on the Llobregat river; (d) Aquifers in the
Llobregat river basin. The red dots indicate the placement of the meteorological stations in the Ter and
Llobregat basins. The large red circles with black edge indicate gauging stations that are named as the
sub-basin where they are located.

In addition to the observed data, downscaled climate-model outputs were collected from the
Climate Research Foundation database [25], as shown in Table 2. These local time series are outputs
from a statistical downscaling method of Ribalaygua et al. [26] based on analog stratification and
transfer functions. Data include local simulations of ERA-Interim reanalysis and nine CMIP5 models
under both historical experiments (1951–2005) and future projections (2006–2100) under RCP4.5 and
RCP8.5.

Table 2. Available Coupled Model Intercomparison Project 5 (CMIP5) climate models with outputs at a
daily timescale. The table shows the responsible institution, climate model version, references, and
spatial resolution for the atmospheric general circulation model (GCM).

Institution CMIP5 Model Source Resolution (Lon × Lat)

Commonwealth Scientific and Industrial Research Organisation (CSIRO), Bureau
of Meteorology (BOM) ACCESS1-0 [27] 1.87◦×1.25◦

Beijing Climate Center (BCC) BCC-CSM1-1 [28] 2.8◦×2.8◦
Canadian Centre for Climate Modelling and Analysis (CC-CMA) CanESM2 [29] 2.8◦×2.8◦

National Center for Meteorological Research, Météo-France and CNRS
laboratory (CNRM-CERFACS) CNRM-CM5 [30] 1.4◦×1.4◦

Geophysical Fluid Dynamics Laboratory (GFDL) GFDL-ESM2M [31] 2◦×2.5◦
Japan Agency for Marine-Earth Science and Technology (JAMSTEC),

Atmosphere and Ocean Research Institute, the University of Tokyo (AORI),
Japan National Institute for Environmental Studies (NIES)

MIROC-ESM-CHEM [32] 1.4◦×1.4◦

Max Planck Institute for Meteorology (MPI-M) MPI-ESM-MR [33] 1.8◦×1.8◦
Meteorological Research Institute, Japan Meteorological Agency (MRI) MRI-CGCM3 [34] 1.2◦×1.2◦

Norwegian Climate Centre (NCC) NorESM1-M [35,36] 2.5◦×1.9◦
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4. Results

4.1. Evapotranspiration Calibration

The calibration process worked with two temperature stations’ data (0085A for Llobregat basin
and 0353 for Ter basin, see Figure 2), where the required data for computing Penman ETP was available.
Over the Llobregat’s temperature stations, we applied a correction with the 0085A station dataset.
Likewise, for Ter’s upper-temperature stations. Correction obtained with 0353 station dataset was
applied at the downstream Ter’s sub-basins due to its geographic location. Figure 3 shows the results
at both stations. The left-hand side graph displays the considered monthly evapotranspiration, and
the right-hand side one, its cumulative distribution.

Figure 3. (a) Potential evapotranspiration calibration: Monthly ETP and (b) distribution of daily ETP
at 0085A for the Llobregat basin; (c) Potential evapotranspiration calibration: Monthly ETP and (d)
distribution of daily ETP at 0353 for the Ter basin.

To measure the efficiency of the correction, we computed the mean square error (MSE) for the
Thornthwaite ETP, raw and corrected. Water volume contributions were checked for each season, and
so, the ETP correction may change somewhat from one season to another.

4.2. Calibration and Validation of Hydrological Parameters

Figure 4 presents the response hydrographs at the locations where stream gauging stations provide
records. These stations include EA078 in the la Baells sub-basin, EA087 and EA021 in the La Llosa del
Cavall sub-basin and EA033 in the Sau sub-basin.
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Figure 4. Observed (obs) and computed (sim) response hydrograph: (a) La Baells station; (b) La Llosa
del Cavall station.

Figure 4a shows how response hydrograph performs a good base flows simulation but decreases
accuracy in peak flows simulation. Nevertheless, the Nash-coefficient equal to 0.42 was enough to
reproduce the behavior of the A78 sub-basin. Peak flows were undershot, but it was preferable to
underestimate these contributions as a safety factor, considering weather station scarcity in this area,
which directly influences the rainfall time series. Analyzing the response, the approximation was
precise enough to reproduce the behavior of this sub-basin. In Figure 4b, the Nash coefficient in this
basin was 0.30, which returns a satisfactory outcome. The main differences were gathered from 1990,
when the available records had quality issues, as the frequency of the measurements increased to
4–7 days.

In the rest of the basins, two verifications reviewed the results. We compared monthly contributions
for each season, and the water contributions were correlated applying a linear regression of the
HBV and SIMGES models. Evaluation through the R2 coefficient as shown in Figure 5 verifies
whether the distribution is similar among HBV and SIMGES volumes. In addition, we checked the
Nash-coefficient with each reservoir’s computed contributions for all seasons. Table 3 presents the
calculated Nash-coefficients.

Figure 5. (a) La Baells monthly reservoir contribution during winter months, comparison of
Hydrologiska Byråns Vattenbalansavdelning (HBV) and SIMGES outputs; (b) Comparison analysis of
the two contributions. The black line corresponds to a simple linear regression.
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Table 3. Nash-coefficient for each reservoir at a monthly time scale, for each season and considering
the historical analyzed records (1980–2013).

Nash-Coefficient Winter Spring Summer Autumn Total

La Baells 0.85 0.67 0.51 0.89 0.79
La Llosa del Cavall 0.72 0.60 0.44 0.22 0.49

Sant Ponç 0.60 0.10 0.10 0.62 0.33
Llobregat’s Contribution 0.85 0.64 0.55 0.87 0.79

Sau 0.82 0.81 0.75 0.69 0.77
Susqueda 0.59 0.31 0.32 0.41 0.42

Ter’s Contribution 0.85 0.83 0.77 0.73 0.80

Subsequently, the total contributions from 1980–2013 were analyzed to check if the total volume of
water available to serve the demand was the same, regarding the distribution by year at each reservoir
unit for the HBV, and the SIMGES model used as a reference, as Figure 6 illustrates.

Figure 6. Complete Ter–Llobregat system: available water volumes comparison in years 1980–2013:
(a) Water contributions data distribution for HBV and SIMGES models. The closer the lines are, the
more similar they are. (b) To assess how similar they are, this shows the correlation between the two
distributions. As the values are distributed along the reference line (slope 1.00), their correspondence
is valid.

The outcomes from both models were similar. The main difference came from the distribution
over the year, in particular during summer months, when SIMGES contributions were critical. One
of the main reasons to explain this difference may come from the two time-series input models.
Recognizing that both datasets are different, the results cannot be the same. Outcomes were similar,
ensuring the representation created with the HBV model achieved a reasonable resemblance with the
historical dataset.

4.3. Simulations under Future Rainfall Conditions

Reservoir volumes results were from historical data provided by ACA. Results of the projections
indicated that not all the climate models were adversely predictive: some of them forecasted rainfall
increase (volume), while others estimated a reduction. Figure 7 shows some models forecasting severe
drought situations in the RCP8.5 scenario, compared with the RCP4.5 scenario, which showed water
scarcity, according to a few models for Ter and Llobregat reservoirs. According to projections, it is
expected that in both systems for the RCP8.5 scenario, at least one drought episode is expected with
the 20-years return period.
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(a) 

(b) 

Figure 7. Results summary figure showing range and average water volume outcomes for every
representative concentration pathway (RCP) scenario, for the Llobregat and Ter joint system towards
the 21st century. The red-spotted line provides a linear trend estimation. (a) Results for the RCP8.5
scenario, (b) Results for the RCP4.5 scenario.

Model trends and extreme values were plotted to represent the magnitude of future situations and
to consider all the possible climate model variables evolution during the 21st century. An implication
of the negative trend, as for the RCP8.5 in the reservoir system, is the possibility that a long-term
alternative resource will be necessary to preserve reservoir equilibrium. Regression analysis predicts
the combined behavior of both systems as a joint water reservoir system. In particular, the analysis of
the joint system allows studying the link among the most challenging climate change scenario (RCP8.5)
and the predicted water resources availability and bypass any analysis bias.

Figure 7 displays the intercorrelations of the nine performed models, providing a behavior
trend-line of the reservoir system water volume. An average trend of these model outputs forecasts
an 11.1% decrease in the system water availability, applying the RCP8.5 scenario for the year 2100.
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Such water availability variations will have city-scale consequences for social-economic conditions
and ecosystems.

5. Discussion

Turning now to the assessment on the applicability of the SIMGES and HBV models as appropriate
tools to forecast drought frequency, some factors play a role in determining why the HBV model
underestimated the water contribution, as shown in Figure 4, for the first calibration and validation
step. The main reason that can be argued to explain this may come from the precipitation records. At
high areas, such as this one, convective storms may occur over a localized area not covered by any
meteorological station. In any case, the HBV contributions were on the security side. SIMGES model
contributions apply in ACA Water Management Plan were closer to HBV computed values. Thus, the
response of the HBV model is reasonable.

Analyzing Table 3 outcomes for each season, it is observed how the winter and autumn volume
contributions present the best correlation to the SIMGES model. Throughout the spring and summer
periods, the dispersion of the results was high. However, the Nash-coefficients were satisfactory for
the most significant reservoirs: La Baells, Sau, and Susqueda. La Llosa del Cavall and Sant Ponç
reservoirs could not have been simulating with the same precision, notwithstanding, its contribution
to the total water reserves was 13% and 4%. Hence, their contribution to the entire system was small in
comparison with the other dams.

On the question of understanding and analyzing the water resource availability in Barcelona in
the future under different climate change situations, this study found that the water availability would
drop in this 21st century for the reservoir system. By 2019–2050, the models average predicts a 9%
decrease in surface water volume availability over the reservoir system. However, by 2019–2100, due
to precipitation reduction and warming-enhanced evaporation, Climate Change effects, the models
average predicts an 11% decrease with a remarkably high consensus among analyzed models for the
RCP8.5 scenario, as shown in Figure 7.

The results obtained herein are consistent with Barcelona regional and Barcelona city council
results [10], estimating in the year 2050, a 12% surface water resources decrease. Table 4 compares
the summary statistics for the water resources availability forecast, comparing other studies for the
reservoir system.

Table 4. Comparison of the summary statistics for the forecast of the water resources’ availability for
the Ter and Llobregat reservoir system.

Study Mean Expected Reduction by 2050 Mean Expected Reduction by 2100

Climate change impacts study in
Barcelona—water cycle [10] 12% No Data

RESCCUE Project 9% 11%
Water and climate change.

Diagnosis of the impacts predicted
in Catalonia [17,37]

7%–15% according to diverse scenarios No Data

These results are consonant with related studies [17], finding that according to valid data control
models and detailing low-heterogeneity results, Llobregat river discharges will decrease, in a 2% scale
for years 2070–2100.

Our approach in this paper explored the water availability of the principal sources providing
about 92% of contemporary water demand. Due to practical constraints, a full discussion of adaptation
measures coping with water availability shortage lies beyond the scope of this study. Catalonian
Drought Plan documents designate some current adaptation measures [11,37]. They relate an increase
in alternative water sources and a decrease in drinking water consumption, such as the planning and
implementation of water reclamation and reuse, desalination as a technical option to increase the
drinking water availability, to increase groundwater extraction, and to decrease consumption (stronger
for agriculture, breeding, and recreative uses).
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However, these solutions have significant technical, legal, political, and economic hurdles. In the
case of the existing desalination plant, its maximum potential for water production is 60 Hm3/year,
an amount that could meet the current and future water shortages set in this study, nevertheless, the
average unit cost of desalinated water production (€ 0.58/m3) cost four times more than the cost of
potable water production in the drinking water treatment plant (€ 0.14/m3) [24,38].

6. Conclusions

Drought model outcomes cannot predict future conditions for a fact. Still, these results will aid
researchers and stakeholders to have an idea concerning the order of magnitude of eventual future
drought episodes. The associated uncertainty in climate model variables does not allow them to be
used to define a single future path, even though the results can be valuable to design future system
improvements and investments.

Overall, these results highlight that under the RCP8.5 scenario, cyclic drought episodes are
expected to occur every twenty years with more than one year of drought state persistency. Further
research can evaluate climate change impacts, updating models forecast every 5/10 years, to estimate a
most reliable behavior forecasting. For the water supply side, renewable water resources are influenced
by anthropogenic factors, precipitation, temperature, and other climate variables fluctuations, yet, we
dismiss these variations in this study scope.

This study combined hydrological models and the latest greenhouse gas concentration scenarios
to synthesize the proposed behavior of water sources in Barcelona. We showed that climate change
is likely to affect local and regional water scarcity modestly. Moreover, this research forecasts a
water-availability slightly downward trend from the middle of the 21st century. This proposed behavior
does not mean that the annual water contributions are ever lower than the current ones. We identified
an increase in drought cycle frequency, following a reduction in the average water availability, even in
years of hydrological ascent.

By contrast, these reductions lead to a trend (i.e., the one conditioning the water supply system
capacity) alleviated by a constant alternative source with the same magnitude and adding specific
support when extreme events occur. With regard to the research methods, some limitations need to
be acknowledged. After defining how the expected water availability decreases in the system, it is
necessary to consider that these analyses do not consider the future growth of water demand or any
new planned infrastructure. Likewise, this study does not consider variations in land-use future states.
The reservoir watershed has undergone a revegetalization process since 1997, as assorted researches
carried out in Catalonia indicates a farmland abandonment process and the resulting increase in forest
mass [39]; as a result, we consider these land-use conditions will remain stable in the future.

Further research is expected to have a better understanding of the mechanisms underlying
Barcelona reservoirs’ management yielding an effective and sustainable water supply scheme, in
conjunction with other hydrological involved processes. Adaptation measures studies, which take
these variables into account, will need to be undertaken.
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Abstract: This paper outlines the work carried out within the RESCCUE (RESilience to cope with
Climate Change in Urban ArEas) project that is, in part, examining the impacts of climate-driven
hazards on critical services and infrastructures within cities. In this paper, we examined the methods
employed to assess the impacts of pluvial flooding events for varying return periods for present-day
(Baseline) and future Climate Change with no adaptation measures applied (Business as Usual)
conditions on traffic flows within cities. Two cities were selected, Barcelona and Bristol, with the
former using a meso-scale and the latter a micro-scale traffic model. The results show how as the
severity of flooding increases the disruption/impacts on traffic flows increase and how the effects of
climate change will increase these impacts accordingly.

Keywords: flooding; climate change; traffic modelling; resilience

1. Introduction

Within major cities, the transportation network serves as an essential component in its functionality
allowing for the movement of goods, services, and the general population, with an estimated
81.7 thousand vehicles per mile of motorway, and 12.2 thousand miles of rural “A” roads per day
within the UK [1].

The implications of flooding within the road network can be severe both in terms of risks to
human lives both directly as a result of drowning and indirectly due to impacts on the ability of first
responders to respond to incidents [2–4] as well as to a region’s economy. Flooding in Barcelona 2011
disrupted the transport network both directly as a result of flooded road sections and indirectly as a
result of traffic light failures [5]; the traffic disruption alone caused by the Summer Floods of 2007 in
the UK cost the UK economy in the range of £22–£174 million (depending on assumptions) [6].

From a climate change perspective, the Department for Transport have stated that the Strategic
Road Network (the main roads that connect the country) has been identified as being particularly
vulnerable to weather-related flooding [7], with Highways England highlighting that the current
drainage systems in place may not be sufficient to deal with the increased rainfalls associated with
climate change predictions [8]. The UK Climate Impact Projections Report 2009 (UKCP09) predicts the
precipitation across the UK will increase up to 70% in certain locations by the 2080’s [9], which could
result in more frequent and greater levels of disruption to traffic movements.

Previous works have investigated both the risks and impacts of flooding poses to the transport
sector such as the combined interactions of flood depths and flow velocities on vehicular stability [10,11],
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the relationship between vehicular speed and standing water depths on road surfaces [2,12–14] and
the significance of which roads within a network are flooded [15].

This paper investigates the impacts on traffic of pluvial flood events in two European cities
(Barcelona and Bristol) via linking flood model outputs with traffic models and examine how the
magnitude of these impacts could change in the future with respect to climate change model predictions.

2. Materials and Methods

Previous work by Pyatkova et al. [12,13] demonstrated the use of loosely coupling flood model
outputs with micro-simulation traffic model inputs as a means simulating and assessing the impacts of
flood events upon traffic flows.

The approach proposed here utilizes maximum flood-depth data derived from flood mapping
as the criteria for determining the properties of individual road sections at various timings during
the traffic model period to simulate effects of flooding to a transportation network. Figure 1 shows
conceptually how the flood model outputs are utilized as a means for preparing the traffic model
inputs to simulate the effects of flooding.

Figure 1. Loosely coupling flood model outputs with traffic model input parameters (based on
methodology outlined by Pyatkova, 2018 [16]).

2.1. Barcelona Research Site

For the Barcelona Case Study, a 1D/2D-coupled flood model that utilizes the dual drainage
concept [17] using Infoworks ICM (Intergrated Catchment Modelling) [18] has been employed. This
hydrodynamic model was used to provide outputs of both water depths and velocities for different
return periods under the present (Baseline) and Future Climate Change scenarios whereby a Business
As Usual (BAU) policy is assumed (i.e., no adaptation measures applied within the city). For the
climate change scenarios in Barcelona, a Representative Concentration Pathway of 8.5 (RCP8.5) has
been considered. Table 1 shows the comparison of the maximum rainfall intensities for the Baseline and
BAU scenarios from the synthetic rainfall events generated via the Foundation for Climate Research
(FIC) used within the flood model.
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Table 1. Comparison between maximum 5 intensities of Current Scenario (Baseline) and Future Climate
Change Scenario (BAU) of synthetic rainfall events used within Barcelona Case Study (Deliverable 2.3
RESCCUE).

Return Period

Current Scenario (Baseline) Future Climate Change Scenario (BAU)

Peak Rainfall
Intensity (mm/h)

Rainfall Depth
(mm)

Peak Rainfall
Intensity (mm/h)

Rainfall Depth
(mm)

1 63.6 22.2 73.8 24.1
10 177.2 83.7 195.7 88.4
50 217.2 104.2 234.6 112.9
100 239.6 115.8 256.4 127.3
500 291.7 143.4 312.1 157.2

2.1.1. Barcelona Traffic Model

Within the city of Barcelona, the Departament d’Estratègia de la Mobilitat has developed/provided
a pre-existing meso-scale traffic model using the commercial software package TransCAD® [19].
For this meso-scale traffic model, the road network was divided up into road sections referred to links
and each link had a wealth of properties relating both the physical characteristics and imposed rules
parameters of the road including, but not limited to speed restrictions, number of parking maneuvers
per hour, and lane capacity. Upon addition of all the required parameters within TransCAD®, the model
can evaluate how the road network performs. Figure 2 shows the extent of the Barcelona traffic model
and the relative speed reductions that are calculated by the model under normal operating (dry weather)
conditions. In this figure the %Speed Difference (Equation (1)) refers to the calculated/modelled speed
of the vehicles derived from the TransCAD® software, relative to the “Free Flow Speed” (the speed at
which a vehicle could move along the section unimpeded by other vehicles). The figure highlights the
high levels of congestion within the heart of the city and through the major roadways along the outer
perimeter in the modelling result.

%Speed Reduction =

(
SpeedModelled − SpeedFreeFlow

SpeedFreeFlow

)
× 100, (1)

Figure 2. Percentage speed reduction of traffic in meso-scale model with respect to free-flow speed.
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2.2. Bristol Research Site

For the Bristol research site, the Infoworks ICM was also employed at a city-wide level. In contrast
to the FIC Climate data used in the Barcelona case, the Bristol case study’s climate data was derived
from UKCP09 [9] predictions. Table 2 shows a comparison of the associated rainfall depths of a 1
in 100-year, 60-min duration event for BAU in Bristol based on UKCP09. From this analysis, for a
comparative study of pluvial flooding, the upper end (high emissions scenario) and upper epoch
(furthest future projection: 2071-2100) were selected for the climate change scenarios as they show a
comparative climate change uplift (highlighted in Table 2).

Table 2. Synthetic rainfall depths from a 1 in 100-year, 60-min duration event derived from UKCP09
climate change projections.

Climate Change Scenario Year/Epoch Climate Change Uplift Rainfall Depth (mm)

Current Scenario (Baseline) Present day N/A 44

FIC
2041–2070 30% 57.2
2071–2100 40% 61.6

UKCP09–Central
2041–2070 10% 48.4
2071-2100 20% 52.8

UKCP09–Upper end 2041–2070 20% 52.8
2071–2100 40% 61.6

For the Bristol research site, we were limited with the number of return periods available from the
flood model outputs. For the Baseline scenarios, we used 1 in 10, 30, and 100-year return periods and
for the Future Climate Change scenario, we selected the 1 in 10, 20, and 100-year scenario with the 1 in
20 Year being deemed to be the closest available approximation to the Baseline 1 in 30 year event with
climate change uplift applied.

Bristol Traffic Model

Unlike the Barcelona case study, Bristol did not have a pre-existing traffic model available for
testing. Due to this, we looked to develop a micro-scale traffic model using the Open Source “Simulating
Urban Mobility” (SUMO) software [20]. In contrast to the meso-scale model, the micro-scale model
used for Bristol in this analysis simulates the movement of each individual vehicle separately as shown
in Figure 3.

Figure 3. Example of SUMO micro-simulation.

For the road network the Bristol model has been built using OpenStreetMap (OSM) data [21]. Using
SUMO’s “netconvert” tool, OSM data was converted into a network file suitable for use within SUMO
that contains road property information including but not limited to, the number of lanes, junctions, and
traffic light locations. In the absence of traffic data, the traffic flows within the network were derived via
generating Origin-Destination (OD) matrix database using data from the National-Receptor-Database
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(NRD) [22]. For this process, we assumed vehicles start from either Residential locations or from
the boundary of the road network extent (Network Entry Points) (assuming from outside the city)
and that the journeys terminate either at a place of work or they leave the network at a boundary
(Network Exit Points). Table 3 shows the composition of the origin-destination points with Table 4
showing the percentage distribution of the Origin and Destination locations accordingly. For the
‘School’ classification, some vehicles can use the school as a mid-way point in their journey to simulate
school drop-offs during the morning.

Table 3. Origin Destination points within the road network.

Origin Location Count Destination Location Count

Residential 666,445 Office 3054
Retail 3911
Industry 1051

Network Entry Points 17 Warehouse 910
School 49
Network Exit Points 17

Table 4. Origin Destination percentage distribution.

Origin Percentage Destination Percentage

Home 90 Office 49
Retail 11
Industry 12

Enters Network 10 Warehouse 8
School 10
Leaves network 10

Using the spatial information of land-use points from the NRD, SUMO’s ‘Duarouter’ tool was
used to generate the OD catalogue of vehicular journeys within the network. An additional rule
applied states that each journey must have a journey length equal to or greater than 1 km.

To simulate morning rush hour flows, a sigmoid style curve was used in determining the number
of vehicles that were added to the network over time during the simulation. Figure 4 shows the number
of vehicles being added to the network over time for a 5000 and 10,100 vehicle scenario respectively
using the same curve function.

Figure 4. Number of vehicles added to the network over time for the 5000 and 10,000 traffic
volume scenarios.

Figure 5 shows a comparison of the SUMO model outputs for dry weather scenarios, in which
the different volumes of traffic present within the network over time whereby vehicles are only being
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added to the network (starting their journeys) between the hours of 5 am and 11 am. The result
demonstrates that a doubling of vehicle journeys from 5000 to 10,000 vehicles within that period
results in a seven-fold increase of the number of vehicles present within the network at its peak and
a subsequent long tail section as the vehicles leave the network. For both scenarios, between the
hours of 7 and 9 am there is a large increase in the number of vehicles being added to the network
(approximately 4000 and 8000, respectively). In each scenario, the vehicles added to the network are
subsequently removed from the network upon completion of their respective journeys.

Figure 5. Comparison of Traffic Volumes in the Network for 5000 journey and 10,000 journey scenarios.

The reason behind this substantial difference in the number of vehicles within the network is a
result of traffic jam formation leading to the delay in the completion of vehicle journeys. Figure 6
highlights the variations in the Average Journey Speed (Equation (2)) of vehicles for both the 5000
and 10,000-journey scenarios. The majority of vehicles within the network during the 10,000-journey
scenario are travelling at relatively low speeds (less than 10 km/h) whereas the average journey speed
for traffic in the 5000-vehicle scenario is around 30 km/h.

Average Jounrey SpeedVehicle =
Total Journey DistanceVehicle

Total Journey TimeVehicle
(2)

Figure 6. Average Journey Speed of Vehicles within the Network during the hours of 7 am and 9 am
for 5000 and 10,000 journey scenarios.

Figure 7 shows a section within in the network at the peak times (determined in Figure 5) for both
journey cases, where the 10,000 journey scenario presents a considerable worse congestion. Because
of the congestion both here and in other sections of the network the time for the traffic to clear the
network (complete their respective journeys) becomes dependent on the interval timing of the traffic
lights and the settings in place within the model “time-to-teleport” to handle these obstruction issues.
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Traffic signal timing data is often unavailable and has a dominant influence on intersection capacity
and network performance [23]. If the timings of these traffics lights are not configured correctly, under
high volumes of traffic a stalemate scenario can occur whereby traffic can neither enter nor exit an
area thus resulting in severe gridlock. To minimise gridlock scenarios within the traffic model (due to
imperfections in the network design) and to deal with instances of vehicles becoming an obstruction,
the teleportation rule is applied. In the examples shown in Figure 5, if a vehicle is stationary 40 min
(flood duration of 30 min plus and arbitrary 10-min window), it is deemed to be assumed to be
erroneously stuck and is teleported to the next edge within its route. Note that it is important that
the teleportation rule has a time-limit set to be equal or greater than the duration of a flood event to
prevent traffic teleporting past the blocked roads under flooded conditions.

Figure 7. Comparison of Traffic Volumes at peak times for (A) 5000 journeys and (B) 10,000
journey scenarios.

For the purpose of the study within this paper, we selected 5000 vehicle traffic scenario as a
means of analysing the effects of flooding on obstructing or causing diversions to vehicles within
the network and to minimise the implications of imperfections in the network configuration itself
causing disruptions to traffic flows. Ten 6-h duration traffic scenarios were generated, where each
scenario contains 5000 randomly selected journeys from the OD catalog whereby the Origin and
Destination’s match the percentage distribution outlined in Table 4. The synthetic sigmoid curve,
as shown in Figure 4, was applied to stagger the start times of the vehicles during the simulation
to generate a pseudo morning rush scenario. Figure 8 shows the variation/range of the number of
vehicles present in the network over time across the ten scenarios, highlighting the two temporal peaks
in traffic volumes within the network during the morning rush hours between 7 am and 9 am. Figure 9
shows the extent of the Bristol traffic model and the percentage route distribution of the ten scenarios
(10 × 5000 journeys) whereby the higher percentage values correspond to the road sections where
vehicles have traversed the most within the 10 scenarios. Here, we observe that within the modelled
scenarios, there is a preference for vehicles to traverse the river section (that bisects the city) across
the bridges.
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Figure 8. Range of vehicle distributions from 10 scenarios under dry weather conditions in Bristol
road network.

Figure 9. Percentage Route Distributions under dry conditions.

2.3. Translating Flood Hazards into Traffic Models

To simulate the impacts of flooding within the traffic network the relationship between
maximum allowable speeds of vehicles with respect to flood-depths is required. Previous work
by Pyatkova et al. [12,13] discretised flood hazards via the relationship of maximum permitted speed
limits along road sections with respect to flood depths along those sections. Table 5 shows the discrete
ranges for the flood depths, their hazard classification and the subsequent speed reductions along the
road sections where these flood depths are present.

Table 5. Flood hazards’ effect on traffic flows.

Flood Depth Range (m) Hazard Classification Maximum Vehicle Speed (kmh−1)

Depth < 0.1 Low Road Speed Limit
0.1 ≤ Depth < 0.3 Medium 20

0.3 < Depth High 0 (Road Closed)

Through an intersect analysis, analyzing the depths of water on road surfaces, we modify the
input parameters (speed limit) of links within the traffic model. Figure 10 shows an example of the
links affected by flooding within Barcelona when analyzing maximum flood-depths of a 1 in 10 year
BAU climate change scenario.
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Figure 10. Example of hazard classification for a 1 in 10 Year Future Climate Change Scenario Event.

2.4. Quantifying Impacts from Traffic Model

The impacts of flooding on traffic flows can be quantified in a number of ways including but not
limited to, lost time, fuel consumption and pollution levels. Based on the Multi-Coloured Manual
(MCM) [24], we estimated the costs accrued to a vehicle (in GBP) over time and distance in relation to
its speed. Table 6 shows a breakdown of costs in pence per unit of speed for five vehicle classes.

Table 6. Total Costs of travel as a function of speed (pence) [23].

Speed km/h

Vehicle 1 2 5 10 20 40 50 80 100

Car 1023 515 210 109 57 31 25 17 15
LGV 1181 596 245 128 68 37 32 23 20
OGV1 1241 634 268 144 79 44 37 29 27
OGV2 1454 746 320 175 98 57 50 40 37
PSV 7406 3742 1514 774 403 216 178 124 106

For simplicity in our analysis, we assumed all the vehicles to be of generic petrol driven cars.
Figure 11 shows the derived relationship between the estimated costs incurred per car per hour in
relation to its speed whereby the line of best fit is described by the function in Equation (3).

Cost = 9.6275× Speed−0.925 (3)

For the TransCAD® model the accumulated costs were derived from analysing the model outputs
at a link level where the total accumulated cost is derived using Equation (4).

Total Cost =
∑
Links

(Tra f f ic VolumeLink × LengthLink × SFnLink) (4)

where

Traffic VolumeLink = Number of Vehicles per km per hour per link.
LengthLink = Length of link in km.
SFnLink = Calculated cost value with respect to average speed derived via Equation (3).
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An estimate of monetary impacts of a flood event with respect to changes in vehicular speed
is thus derived via comparing the costs under flooded conditions to the costs under dry weather
conditions (Equation (5)).

Monetary Impact = CostsFlooded Conditions −CostsDry Conditons (5)

As the Barcelona model has no temporal information applied to traffic flows, the associated costs
were derived with respect to incurred costs per hour of disruption. For the Bristol case study, as we
adopted a micro-scale traffic model with a temporal component, the incurred costs were assessed
during the period of time the network was deemed to be impacted.

Figure 11. Derived Cost to Speed relationship Cars based on MCM data.

For the Bristol model, data at the link level were also exported but in contrast to the Barcelona
model, these outputs vary over time, therefore, Equations (3)–(5) were applied accordingly during the
identified period of traffic disruption.

3. Results

3.1. Hazard Analsysis

3.1.1. Barcelona Road Hazards

Figure 12 shows the percentage of road sections that were affected by flood-depths at various
return periods for the Baseline (a) and Climate Change (b) scenarios using the rules as described
in Table 5. As the severity of the events increases, the number of deep-flooded roads continues to
grow whereas the percentage of shallow flooded roads affected begins to level out around 12%. This
“levelling out” of the number of shallow flooded sections is due to the transition of road hazard
classifications whereby as the severity of the event increases, previously shallow ponding areas upon
the surface continue to accumulate flood waters thus moving their flood depths from below 30 cm to
30 cm+ thus transitioning to deep-flooded road status.
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(a) (b)

Figure 12. Affected road sections in Barcelona case study area for (a) Baseline Scenarios, (b) Climate
Change Scenarios.

3.1.2. Bristol Road Hazards

Figure 13 shows percentage of affected lane sections for the Bristol case study with respect to
the severity of the pluvial flooding events for Baseline (a) and Climate Change (b) scenarios. Within
the Bristol case study, an additional criteria specifying the minimum length of a flooded road was
included to reduce the number of “flood zones” in the traffic model. This reduction of flood zones was
implemented in order improve model performance. In this instance, the minimum length for a flooded
road was set to 10 m; therefore, if the length of the section of road that is flooded is less than 10 m,
the road will be regarded as not flooded, thereby bringing the overall percentages down. Like that
of the Barcelona case study, there is a positive correlation between the severity of the event and the
percentage of affected links. For both the Baseline and Climate Change scenarios, we see climbing
numbers of affected links and again the transition of shallow flooded areas to deep flooded as the
severity of rainfall events increase.

(a) (b)

Figure 13. Affected road sections in the Bristol case study area for (a) Baseline Scenarios, (b) Climate
Change Scenarios.

3.2. Impact Assessment

3.2.1. Impacts on Traffic in Barcelona

Upon changing the respective speed limit parameters within TransCAD®, the model was reapplied
to assess how the traffic flows within the city have changed. Figure 14 shows speed difference maps
calculated from the TransCAD® model runs for a 1 in 100 year event for the Baseline and Climate
Change scenarios. Overall appearance shows a similar spatial distribution of speed reductions with
slight increases (higher negative values) in reductions for the Climate Change Scenario.
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Figure 14. Comparison of speed differences for 1 in 100-year event for Baseline and Climate
Change Scenarios.

Figure 15 shows a comparison of the derived Exceedance Probability (EP) Curves for the Baseline
and Future Climate Change prediction scenarios based on summation of all the link cost values.
This curve was derived via plotting the total accumulated losses for a pluvial flood event across the
network with respect to the probability of occurrence (1/Return Period) of the event. Here, we see that
under future climate change conditions the predicted monetary losses/impacts when traffic disruption
increases with respect to the severity of the flood event. Table 7 shows a comparison of the loss values
with an average increase of monetary losses due to the vehicular speed in the network was reduced by
10% or more under future climate change scenarios.

Figure 15. Flood Impact on Traffic EP Curves for Barcelona.

Table 7. Monetary losses as a result of traffic speed disruption.

Return Period (Years)
Baseline

Monetary Losses (€)
Climate Change

Monetary Losses (€)
% Difference of

Monetary Losses

1 in 1 26,236 28,664 9.3
1 in 10 1,805,005 1,999,440 10.8
1 in 50 3,751,575 4,231,176 12.8
1 in 100 4,938,234 5,393,834 9.2
1 in 500 8,123,795 8,955,965 10.24
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3.2.2. Impacts on Traffic in Bristol

Within the Bristol model, as we also considered the temporal aspect of the flooding in the analyses
such that we can specify the time and duration of the flood event. In this example we have specified
that flooding occurs as 7 am and lasts for 30 min. During this period, the maximum permitted speeds
along hazard affected road sections are temporarily modified and will return to normal at 7:30 am after
the flood event has ended.

As the Bristol model is micro-scale, if some journey starts within a flooded region they cannot
begin and therefore, are not added to the network this can lead to reduced traffic number on the road
during and after the flood event and needs to be considered as part of the impact assessment. Table 8
shows the percentage of journeys whose start-times begin during a flood event and are unable to begin
their journey as lie within a closed road.

Table 8. Journeys unable to begin due to flooding.

(Baseline)
Return Period

Journeys Lost (%)
(Climate Change)

Return Period
Journeys Lost (%)

1 in 10 0.26 1 in 10 0.55
1 in 30 0.40 1 in 20 0.68

1 in 100 0.75 1 in 100 1.1

One of the additional indicators used to assess the impacts of traffic flows through a micro-scale
simulation is to examine the number of vehicles within the network at any given time under flooded
conditions and compare this distribution against dry weather conditions. Under flooded conditions, as
some road sections will temporarily have their maximum allowable speeds reduced and some sections
are temporarily closed. The journey times for vehicles that usually traverse these sections along their
assigned routes will increase as vehicles are forced to either move at a reduced speed through shallow
water or are diverted onto alternative routes if their original route is obstructed. Figure 15 shows a
comparison of the number of vehicles within the road network over time for the different severities of
flood events for baseline and future climate change conditions. Within this figure, the “Dry Count
Range” represents the range (minimum and maximum) of vehicle counts across the 10 generated OD
matrix routing scenarios, and the “Flooded Traffic Count Range” shows the ranges with respect to
the network during the 30 min flood simulations. The “Average Flood Traffic Count” represents the
average number of vehicles within the network during the respective flood scenarios. The figures
highlight that even though a percentage of journeys are lost/unable to start during the flood event,
the vehicular saturation of the network both during and immediately after the flood event surpasses
the dry weather conditions with the network (on average) recovering by 9 am for all scenarios. The
Flooded Traffic Count Range further highlights the different effects flooding has across the 10 generated
route scenarios. Figure 16 further shows that even after the flood event has finished the road network
still takes time to recover as previously impeded vehicles are continuing to complete their journeys
and their remaining presence within the network effects other vehicles that travelling.

Figure 17 shows the comparison of the relative EP curves for the Baseline and Future Climate
Change scenarios utilising the same cost to speed relationship applied to the Barcelona case study.
Here the points for the Baseline and Climate Change scenarios represent the average calculated losses
derived from the simulations with the curves interpolated from these points respectively. Within
this example, we are examining the relative cost increases between the hours of 7 am and 9 am that
corresponds to the period of disruption shown in Figure 16. In contrast to the Barcelona case study
the calculated loss values depicted for Bristol simulations are considerably less. There are a number
reasons for this including, but not limited to, the case study area examined within the city of Bristol
(24 km2) is considerably smaller than that assessed within Barcelona (102 km2). A second reason relates
to the limited number of vehicles used in the duration of the model. With Bristol having a population
of approximately 463,500 [25] and 41% of the population driving a car to work [26] the simulated
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5000 vehicles over a 6 h period could be a significant under estimate of the traffic volumes/journeys
undertaken within the network during this period. The results, therefore, merely serve to show how
the effects of climate change can result in observed increases in disruption to traffic flows and potential
losses within the traffic network.

Baseline Future Climate Change

1 in 10 Year Event 1 in 10 Year Event

1 in 30 Year Event 1 in 20 Year Event

1 in 100 Year Event 1 in 100 Year Event

Figure 16. Comparison of Traffic Network Recovery Times.

Figure 17. Flood Impact on Traffic Relative EP Curves for Bristol.
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4. Discussion

4.1. Limitations and Assumptions

This paper shows the application of two distinct traffic-modelling approaches with different levels
of data availability.

The meso-scale traffic model used in Barcelona case study had very detailed traffic information
across the city but the example does not represent the temporal aspect of a flood event. The impact
assessment therefore only considers the effects during a flood event and not the recovery period
after the event. In addition, within the Barcelona traffic model the criteria for determining hazard
classification did not consider the length of the portion of the flooded road, which was an additional
restriction applied to the Bristol case study, such that there could be an overestimate of flooded
roads. Further assessment could investigate the reduction in perceived flood hazards with the length
restriction included.

In contrast to Barcelona’s traffic model, the Bristol model lacked both real traffic-count data and
a pre-existing traffic model. Due to these challenges, the traffic model was built from the ground
up using freely available Open Source software and data and deriving traffic flows from land-use
classifications. As highlighted in Section 2.1.1 there were limitations with this approach when dealing
with large traffic volumes and as such the simulations within the paper utilise relatively low traffic
counts. For future assessment, a more detailed analysis of the performance of the network could be
carried out with the aim of improving/optimising the network under standard dry weather conditions.

For further work and improvements, it would be of interest to see how the micro-scale model
performs with real traffic-count data to determine both the volume of traffic over time and the
routes/journeys taken by vehicles within the network and determine loss estimates and recovery times
under flooded conditions accordingly. Moreover, where such data available, it would be of further
interest to evaluate the effectiveness of land-use data for determining route distribution in comparison
to real traffic data.

Additionally, in this paper, for the micro-scale simulation we have only considered the flood event
occurring with a fixed duration (30 min) starting at one specific time (7 am) which is at the beginning of
the rush hour scenario. The degree of disruption to traffic flows within the network would however be
dependent upon both when the event occurs and for how long, therefore future work could examine
the effects/sensitivity of the time of occurrence and duration parameters.

4.2. Verification of Results

The costs of disruption to traffic flows to cities is generally quite high and within the UK, and
has been shown to be within a range of 3–7% of the total accumulated estimated losses from flood
events [27]. The flash floods and landslides that occurred as a result of high and prolonged precipitation
in Catalonia in September 2006 resulted in the Consorcio de Compensaci´on de Seguros (CCS), the
national insurance company paying out €55.9 million and resulted in bringing traffic to a standstill in
Barcelona due to jams [28]. In the region of Co. Galway Ireland, the 2015/2016 floods were thought
to have losses of €3.8 million of losses through traffic disruption [29]. The calculated losses for these
events however are not limited solely to disruption of traffic as a result of standing water but also
consider traffic light failures as in the case of Barcelona 2011 [5] and also the road closures due to
potential risk to like from flooding. For example, the summer floods of 2007 resulted in the closure of
the M1 in the UK for 40 h between junctions 31 and 41 due to the risk of a dam breach and the cost of
this disruption alone was estimated to be £2.3 million [6].

The work outlined in this paper shows the potential of combining climate change data with flood
mapping and traffic models as a means of assessing the possible implications change may have. For
the Barcelona case study, the estimated losses with respect to the measured return periods seem to
portray values within the orders of magnitude of similar climate events (as shown in Co. Galway
flood event that was a 1 in 100-year event). As the data used for traffic model in the Bristol case study
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was assumed based on NRD data and with low traffic counts the estimated losses serve more as a
benchmark/guide relative to the severity of input flood events to highlight the potential implications of
climate change on traffic.

The model, however, highlights the impact of flooding is not limited to the period of time where
there is standing water upon the roads surface but also post flood event as the network takes time
to recover.

5. Conclusions

Two case studies each with different traffic modelling approaches were presented within this
paper. Both cases have differing qualities and sources of input data where one has been derived from
traffic counts/surveys within the city and the other approximated from land-use classifications. The
two approaches both demonstrate the feasibility of loosely coupling traffic models to flood mapping
as a basis of assessing the potential impacts to traffic flows within the city. The Barcelona case study
illustrates how changing parameters within the model input data can serve to approximate the effects
of flooding within the model. The Bristol case study shows that even with limited data, we can begin to
create a traffic model for basic impact assessment that can be built upon within the future. In addition,
the micro-scale approach used within the Bristol case study shows the effect of flooding is not solely
limited to the duration of the flood and that the impact assessment needs to consider the recovery time
of the network.
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Abstract: Depth-damage curves, also known as vulnerability curves, are an essential element of
many flood damage models. A relevant characteristic of these curves is their applicability limitations
in space and time. The reader will find firstly in this paper a review of different damage models
and depth-damage curve developments in the world, particularly in Spain. In the framework
of the EU-funded RESCCUE project, site-specific depth-damage curves for 14 types of property
uses have been developed for Barcelona. An expert flood surveyor’s opinion was essential, as the
occasional lack of data was made up for by his expertise. In addition, given the lack of national
standardization regarding the applicability of depth-damage curves for flood damage assessments in
Spanish urban areas, regional adjustment indices have been derived for transferring the Barcelona
curves to other municipalities. Temporal adjustment indices have been performed in order to modify
the depth-damage curves for the damage estimation of future flood events, too. This study attempts
to provide nationwide applicability in flood damage reduction studies.

Keywords: depth-damage curves; urban floods; properties; claims; flood expert surveyor

1. Introduction

According to the European Environment Agency (EAA) [1], the total reported economic losses
in Europe caused by weather and climate-related extremes over the period 1980–2017 amounted to
approximately EUR 453 billion; the losses in Spain amounted to EUR 37 billion. In the words of
the Spanish Insurance Compensation Consortium (CCS, for its acronym in Spanish), it is estimated
that around 50% of the damage was covered by insurance in Spain. For example, the total losses
from the Lorca earthquake in 2011 were estimated at EUR 1 billion, EUR 0.5 billion of which was
insured and thus compensated [2]. Nowadays, economic losses from flood events at the urban level are
increasingly relevant, in line with socioeconomic changes such as population growth and the expansion
of infrastructure density in cities around the world [3]. Floods are the most damaging natural hazard
in Europe, with around two-thirds of the total damage costs. Moreover, rising temperatures are
expected to intensify the hydrological cycle, thus leading to more frequent and intense floods in many
regions, together with a corresponding increase in economic losses. Nevertheless, it has to be noted
that increases in costs from flooding in recent decades can be partly attributed to more people living in
flood-prone areas [4].

The types of damage caused by floods are numerous and can be classified as tangible and
intangible; these, in turn, can be categorized as direct or indirect [5]. Traditionally, economic flood
damage assessment (i.e., direct damage) concerning flood impacts has been studied in more depth.
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Particularly in urban areas, the focus has been on damage caused to flooded properties. Thus, a variety
of methodologies, which still need more development, have led to important advancements.

Gilbert F. White (1945) [6] was a pioneer in considering the damage to properties. Among other
aspects, White [6] defined in greater detail the types of losses in urban areas when a flood occurs,
such as those related to properties and shops. His study addressed losses that can occur in residential
areas, such as to the foundations and structure of dwellings and other buildings, garages, and vehicles.
Also, the loss of property rental income (i.e., indirect damage) was considered. A relevant statement
in White’s [6] work was that water depth and velocity variables established the degree of severity of
damage to the foundation and structure of dwellings. Water depth was stated to be the most limiting
factor for such losses. Although White [6] did not distinguish directly between direct and indirect
damage, both categories were addressed in his study.

In Spain, the Directorate General for Civil Defense and Emergencies, and the Spanish Insurance
Compensation Consortium (Consorcio de Compensación de Seguros, CCS) have reported that flooding
has caused the death of 312 people over the last 20 years, and economic damage amounting to EUR
800 million per annum [7]. In this context, European Directive 2007/60/CE on the assessment and
management of flood risks [8] was published, and enacted by the Royal Decree 903/2010 on flood risk
evaluation and management [9] in the Spanish legislation. It requires the Member States to develop,
adopt, and implement flood risk management plans. These plans encompass a number of measures
that involve land management and urban planning, civil protection, insurance, early warning, and
improving the condition of rivers and coastal areas. One of the measures included in these plans
was the development of guidelines to reduce the vulnerability of properties exposed to floods [7].
The main aim of these guidelines was to improve knowledge of flood consequences and foster citizens’
commitment to risk reduction, focusing on the vulnerability of people and assets and enhancing the
resilience of high risk properties.

Although measures to increase buildings’ resilience have been proposed, these plans are focused
on riverine floods, which indeed involve important risks that must be dealt with, but only for those
urban areas located in flood-prone areas. However, sewer flooding should not be underestimated
since all cities are prone to this type of flooding once a drainage system exceeds its design capacity,
regardless of the distance to rivers. This type of flood is also expected to become more frequent due to
the effects of climate change [10], increasing risk, damage, and disruptions to citizens.

In the framework of the RESCCUE project, tailored depth-damage curves for Barcelona have
been developed. These curves encompass 14 different types of properties that are usually found in
highly urbanized areas. There is no standardization at a national level regarding the employment of
depth-damage curves for flood damage assessment. Therefore, this study attempts to bridge the gap
in the inability to compare flood damage reduction studies from different Spanish regions. Ultimately,
it expects to provide a tool to carry out homogeneously nationwide flood damage assessments. To do
so, regional adjustment indices have been derived for transferring the Barcelona curves to other
Spanish municipalities. Moreover, temporal adjustment indices have been performed to modify the
depth-damage curves for the damage estimation of future flood events.

This paper offers in Section 2 a review of a variety of flood damage models and depth-damage
curves that can be found within the literature, grouped according to their geographical application:
a) worldwide or b) Spain-specific. Section 3 presents the particular context of pluvial floods in Barcelona,
the role of the Spanish public insurance company (CCS), and the methodology applied in this study.
The data used, its analysis and the processes to create semi-empirical depth-damage curves tailored to
Barcelona are described. The procedure to transfer them in space and time is presented in this section.
In Section 4, the relative depth-damage curves are presented together with their monetization for
Barcelona city. Moreover, depth-damage curves for the most damaged municipalities in Spain due to
flooding (pluvial and fluvial) for the 2020 reference year are presented. Finally, Section 5 recaps the
main messages of this study, and the usefulness and adequacy of the proposed depth-damage curves
for Spanish cities are argued.
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2. Literature Review and Analysis

Even though there is currently no universally trusted system for assessing flood damage in urban
areas, most damage models rely on depth-damage curves (also known as stage-damage functions)
for simplicity [11]. In order to apply damage models to assess the economic impact of flooding over
urban areas, the required floodwater depths across the inundated area are usually obtained from 2D
simulations [12]. In this section, some of the most relevant damage models worldwide are presented
together with a variety of depth-damage curves developed for regions across the world and those
specifically developed for Spanish regions.

2.1. Flood Damage Models

Different approaches have been adopted worldwide in order to develop models to assess damage
due to flooding. However, all share a common purpose: evaluating the cost-effectiveness of projects
designed to alleviate flood impacts.

In the USA, two well-known models are currently being used to assess the damage caused by
floods and other natural hazards. The first is HAZUS-MH [13], which is a multihazard estimation
model developed by the U.S. Federal Emergency Management Agency (FEMA) that assesses the
impacts of earthquakes, wind, and floods. It was mainly developed by the U.S. National Flood
Insurance Program (NFIP), because the insurance industry plays a key role when it comes to natural
hazards. The outputs of the damage module are area-weighted estimates of damage as a percentage of
replacement cost, at the Census Block or for a given building. Since the U.S. NFIP pays claims based
on depreciated value, the model considers depreciation as opposed to cost of repair as the general
measure of economic loss. The damage assessment model includes a library of more than 900 damage
curves estimating damage to various types of buildings and infrastructure. Some drawbacks of this
model are the complexity of the data input process and the U.S. regional-based stage-damage curves.
The second well-known model is HEC-FDA [14], developed by the U.S. Army Corps of Engineers
(USACE), which is a freely downloadable software provided together with the rest of the Hydrologic
Engineering Center (HEC) resources, and includes extensive documentation. Among its several
features, it stores hydrologic and economic data necessary for analysis, provides tools to visualize
data and results, and computes expected annual damage. Generic depth-damage relationships are
provided to be utilized for a flood damage study conducted in the USA, in the absence of regionally
developed relationships.

A comprehensive study conducted by Jongman et al. [15] compares seven different damage models
developed for a variety of regions across Europe and the United States: FLEMO (Germany), Damage
Scanner (Netherlands), the Rhine Atlas (Rhine Basin), the Flemish Model (Belgium), Multi-Coloured
Manual (MCM) (United Kingdom), HAZUS-MH (United States), and the JRC (Germany, European
Commission/HKV). The fact that five out of the seven models are based on aggregated land use data
(e.g. CORINE) rather than individual objects (HAZUS-HM and MCM) indicates that the scale of work
is an essential matter when either selecting or developing a damage model. Moreover, it should be
noted that only two out of the seven models are based on individual objects, which indicates the
complexity of developing such detailed damage models. While the object-based models can control
for varying building density in areas with same CORINE land use, the area-based models can be
applied for rapid calculations over larger areas. However, object-based models such as HAZUS-MH
and MCM use a large number of object types and corresponding flood damage characteristics [16].
FLEMO, HAZUS-MH, and the Rhine Atlas models are empirically based and could be more accurate
when applied to similar case studies. The others are mainly synthetic with the intrinsic issue of
their unreliable application to another region or country. An essential improvement in these recent
damage models is their GIS-based characteristic; however, the complexity of the data input process,
together with the inherent regional (USA) dependency of depth-damage curves, may be considered as
important drawbacks.
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As Jongman et al. [15] noted, the use of depth-damage curves involves great uncertainty, which
makes the models very sensitive. The need to adjust asset values to the regional economic situation and
property characteristics when using aggregated land use data was also highlighted by Jongman et al. [15].
In addition, the actual damage to a property is not only due to floodwater depth, but also to factors
such as the time of the year the flood occurs, flood duration, water velocity, suspended debris, or
warning time. Therefore, there is an intrinsic uncertainty to depth-damage approaches and a known
influence of these other factors on the extent and severity of flood damage to buildings and their
contents. However, it is a general practice to accept the water level as a fundamental criterion for
estimating the damage caused by these events. Lately, other factors beyond the water level have been
incorporated into so-called multiparameter damage models; nonetheless, such models require more
complex and extensive datasets [17].

Next, we will present descriptions of a variety of depth-damage curves developed for different
parts of the world, and a more in-depth analysis of those performed for Spanish regions.

2.2. Depth-Damage Curves in the World

Within damage models, depth-damage curves, also known as vulnerability curves, are used to
represent the vulnerability of elements at risk. These can be found in either a relative or an absolute
form, by considering percentages of the total property value or damage expressed in monetary terms,
respectively. While relative curves are more transferable in space and time, since they do not depend
on the market value of assets, absolute curves need a periodic recalibration to incorporate depreciation
and inflation. In addition, depth-damage curves can be classified by their development process,
namely analytical, empirical, and synthetic, and a combination of these could also be possible. The first
group (analytical) are laboratory-based curves, where the effect of flood variables, such as depth,
velocity, or duration, is assessed through monitoring. Empirical curves are developed through the
collection of properties’ damage data by means of survey campaigns. Synthetic functions are derived
from the study of a theoretical standard property, assuming that all properties within the studied
area are similar. This last type of curve is proposed when no actual data are available. Within the
literature, other approaches have been found in terms of classification of the curves, such as by land
use, building structure type, building contents or inventory, social status (income level), duration of
flood, and warning time. Moreover, curves for buildings (i.e., structures) and contents are usually
provided separately.

An important collection of damage curves is provided by the HAZUS-MH model, which offers to
users the Federal Insurance Administration’s (FIA) “credibility weighted” depth-damage curves and
selected curves developed by various districts of the U.S. Army Corps of Engineers (USACE). The latter
group is included in the HEC-FDA model and described in the Economic Guidance Memorandum
(EGM) 04-01 developed by the USACE [18], with the purpose of providing guidance for the use of
generic depth-damage curves in their flood damage reduction studies. These are developed based on
actual flood losses in various parts of the United States (from 1996 to 2001) in the framework of the
Flood Damage Data Collection Program, aiming at providing Corps districts’ offices with standardized
relationships for estimating flood damage. These cover one-story homes, two- or more story homes,
and split-level homes, all of them with or without basements.

More recently, Huizinga et al. [19], as one of the JRC technical reports, carried out work to
provide a methodology and a database of depth-damage functions for a variety of assets and land
use classes (i.e., residential, commercial, industrial, transport, infrastructure, and agriculture). This
work is based on an extensive literature survey to normalize damage curves for each continent at a
national scale. The purpose of this work was trying to bridge the gap on the inability to compare flood
damage assessments from different countries. The variety of depth-damage curves developments
across countries is displayed in Table 1, at a national level, and Table 2 at a regional level. These tables
summarize the main characteristics and sources of depth-damage curves found in the literature.
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Table 1. Relative depth-damage curves at a national level.

Region Year Property Types Classification (Development) Source

Australia
2016 Residential Empirical [20–22]
2017 Residential, Industrial, Roads Synthetic [23]

Belgium 2006 Residential, Industrial, Vehicles, Recreation, Agriculture,
Railways, Wind turbines Analytical-Synthetic [24]

2018 Residential, Commerce, Industrial, Roads, Agriculture Synthetic [17]
Canada 2019 Residential Synthetic [25]

Czech Republic 2018 Residential, Commerce, Industrial, Roads, Agriculture Synthetic [17]

Germany
2013 Residential Empirical [26]
2017 Residential and Commerce Empirical [23]
2018 Residential, Commerce, Industrial, Roads, Agriculture Synthetic [17]

Italy 2017 Residential Empirical [27]
New Zealand 2010 Residential, Commerce, Industrial Empirical-Synthetic [28]

The Netherlands
2005 Residential, Industrial, Vehicles, Recreation, Agriculture, Railways Synthetic [29]
2007 Residential, Industrial, Vehicles, Recreation, Agriculture, Nature Analytical - Synthetic [30]
2018 Residential, Commerce, Industrial, Roads, Agriculture Synthetic [17]

United Kingdom

2010 –
Updated
on 2013

Residential, Non-residential Empirical-Synthetic [31]

2018 Residential, Commerce, Industrial, Roads, Agriculture Synthetic [17]

United States of America 2019 Residential, Essential Facilities, Transportation systems,
Commerce, Industrial, Vehicles, Agriculture Analytical-Empirical [32–34]

Switzerland 2018 Residential, Commerce, Industrial, Roads, Agriculture Synthetic [17]
A variety of countries from
Europe, Africa, Asia, and

South America
2017 Residential, Commerce, Industrial, Roads, Agriculture Analytical-Empirical [35]

Table 2. Relative depth-damage curves at a regional level.

Region Year Property Types Classification (Development) Source

Lombardy (Italy) 2009 Residential Analytical [36]
Palermo (Italy) 2010, 2014 Residential Analytical [37,38]

Chenab River (Pakistan) 2014 Residential, Commerce, Industrial,
Roads, Agriculture, Nature Analytical [39]

Jakarta (Indonesia)

2015 Residential, Commerce, Industrial

Empirical-Synthetic

[40]Manila (Philippines) Synthetic
Ho Chi Minh (Vietnam) Empirical-Synthetic

Bangkok (Thailand) Empirical-Synthetic

For comparison purposes, a variety of European residential relative depth-damage curves [19]
have been represented together in the graph in Figure 1.
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Figure 1. Residential depth-damage curves for European countries proposed by Huizinga et al. [19].

As can be observed, there is no correlation between the economic development and the estimated
damage percentage of the countries. For instance, the curves developed for the Netherlands present
the lowest estimated damage percentage, while it ranks third on GDP per capita of the countries
listed [41]. This could be attributed to the level of investment in adaptation measures against
flood events of in Netherlands [42], causing lower potential flood event damage compared to other
countries. Such dispersion of damage among curves in different European regions was also highlighted
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by Velasco et al. [5], where seven different types of curves for residential and commercial uses
were compared.

2.3. Depth-Damage Curves in Spain

Only a few recent depth-damage curves’ developments have been found for Spain, almost all of
them addressing specific regions and only one providing national coverage. In 2013, in the framework
of a Flood Defense Master Plan for the Spanish region of Marina Baja (Alicante), relative depth-damage
curves for the different CORINE land uses in the region studied [43] were developed. The curves
were validated based on actual damage data (i.e., claims paid) provided by the Spanish Insurance
Compensation Company, CCS hereafter, and the City Councils of the region studied. Only one month
later, in July 2013, the Ministry of Agriculture, Fisheries and Food published the report “Propuesta de
mínimos para la metodología de realización de los mapas de riesgo de inundación” [44] (proposal for
a common methodology of flood risk maps development). The purpose of this document was to offer
a common framework to implement the Directive 2007/60/EC on the assessment and management of
flood risks in Spain, and a nationwide relative depth-damage curve was proposed. It was based on the
flood damage caused in the Spanish Ebro basin. Only four water levels were considered, assuming
total damage (i.e., 100%) when the water depth exceeds 2 m, and 20% for depths lower than 30 cm.
The single curve did not distinguish among land uses, although a table to monetize (€/m2) it according
to different land uses was provided.

In 2015, an updated version of the former Flood Risk Prevention Territorial Action Plan for the
Spanish Autonomous Community of Valencia (PATRICOVA) [45] was published. Again, a single
relative depth-damage curve was provided, not distinguishing by type of land uses either. It stated
that, regardless of the type of land use flooded, below 80 cm of water depth low damage were expected;
however, once the water level exceeds this value, the damage increases rapidly up to a depth of 1.2 m,
when the increase levels off. Finally, the River Basin Management Plan produced by the Eastern
Cantabrian Spanish River Basin District [46], part of the requirements of the Directive 2007/60/EC,
has been reviewed. A single relative depth-damage curve is found in this Plan, which is the result of
averaging others developed for other countries, such as the USA (FEMA) and the United Kingdom
(Flood Hazard Research Centre). The monetization of these curves is conducted by providing the
maximum estimated value per land use. Unlike previous developments, in this case building and
contents are differentiated. It considers a percentage from the building damage to constructing the
contents’ depth-damage curve. All reviewed depth-damage curves for Spanish regions have been
jointly graphed and are presented in Figure 2.

Ritter et al. [47] conducted a flood damage assessment for the Spanish municipality of
Agramunt, in which the depth-damage curves for Spain were selected from the database provided
by Huizinga et al. [19]. It was concluded that the total computed damage for an actual riverine flood
event was clearly overestimated after being compared with the claims paid by the Spanish Insurance
Compensation Consortium (CCS). This may indicate that the depth-damage curves employed for the
study could overestimate individual assets.

Although there might be other curves developed regionally in Spain, the review conducted has
been considered enough to identify the great variety of approaches taken. As observed in Figure 2,
where residential and general depth-damage curves are represented together, the damage for the same
water depth varies significantly. For instance, a water depth of 2 m would suggest total damage if
the nationwide curve is applied, and only 52% of total damage for the ones developed for the region
of Marina Baja. Low water depths would also provide a very different level of damage depending
on the curve selection. While the nationwide curve starts from 20% damage, the Marina Baja region
curve does not rise above zero until a 10 cm water depth. This is assumed to be the average height
of pavement curbs. Moreover, some of them aggregate building and contents (i.e., furniture and
household furnishings) damage, while others consider them separately.
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Figure 2. Depth-damage curves for Spanish regions.

3. Materials and Methods

3.1. Context of Pluvial Floods in Barcelona

From 1996 to 2018, pluvial floods in Barcelona alone have required more than EUR 34 million in
compensation for industries, offices, dwellings, vehicles, and civil works, according to the Spanish
insurance company CCS (Figure 3). The CCS is a state-owned enterprise attached to the Ministry of
Economy Affairs and Digital Transformation that performs several complementary functions in the
Spanish Insurance Industry, enhancing its stability and protecting the insured. In 2018, four heavy
rainfalls hit Barcelona, which caused extraordinary damage (Figures 3 and 4). In 1999 and 2002 alone,
the total amount of compensatory damage exceeded that of 2018. It has to be noted, however, that
since 2002 several improvements in the drainage network have been carried out. The analysis of
these insurance payouts according to the CCS classification (Figure 3b) shows that in 2018 almost
75% of the total payouts were due to damage to commercial buildings, warehouses, and other types.
This pattern is common in the last 22 years, representing more than 50% of the total payouts per event,
which indicates the vulnerability to pluvial floods of commercial properties in urban areas.

These figures clearly indicate the relevance of the ever more frequent pluvial floods, highlighting
the need to provide tools to estimate the damage that future flood events may cause in urban
areas. The existing methodologies to assess flood damage in urban areas are usually based on
the use of so-called depth-damage curves. As described in previous sections, these are merely the
mathematical relationship between the floodwater depth reached in the property and the economic
damage caused [12,25,48–50]. When it comes to urban pluvial floods, very detailed depth-damage
curves are required to provide for the heterogeneity of building uses within an urban area. Therefore,
the scale of the study concerning the damage assessment is essential when either selecting or developing
depth-damage curves.

3.2. The Role of the Spanish Insurance Company, Insurance Compensation Consortium (Consorcio de
Compensación de Seguros, CCS)

The high loss potential from natural hazards and the need to make more generalized insurance
cover viable has led many countries to involve the state in specific cover schemes, collaborating to
varying degrees with the private market. The CCS is a government institution attached to the current
Ministry of Economy Affairs and Digital Transformation. This institution has its legal personality
and full capacity to act, and is subject to private law. This means that, although it is a government
institution, it is subject to the rules contained in the legislation establishing the legal regulation and
supervision of private insurance.
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Figure 3. CCS’s payouts due to damages caused by pluvial floods in Barcelona: (a) historical total
annual amounts (1996 to 2018); (b) total historic (22 years) amounts grouped into diverse types of
properties, according to CCS classification.

 

(a) 

 

(b) 

Figure 4. Consequences of pluvial floods that occurred in Barcelona on (a) 9 October 2018, and (b) 15
November 2018. Sources: a) https://www.elperiodico.com, and b) https://www.telecinco.es.

The CCS covers so-called extraordinary risks, which include both natural hazards and those of a
political or social nature, not expressly assumed by the insurance company issuing the standard policy.
Its coverage encompasses losses derived from direct damage caused to people or to property, as well
as business interruption due to the alteration of normal outcomes of production or business processes
concerning such activity. The coverage of extraordinary risks is compulsory and is necessarily linked
to underwriting (an insurance policy) in certain branches of insurance related to property (vehicles,
home, etc.) and persons (life, accidents, etc.). All insurance policies rates include a surcharge to the
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endowment of a common fund, under the principle of solidarity. Claims must be lodged within seven
days following the damage event to the private insurer when it expressly covers the extraordinary
event that caused the damage. Otherwise, the CCS will be responsible for the payouts, and could
receive the claim directly from the policyholder or through the private insurer. A policyholder will be
entitled to compensation after the damage assessment of an expert surveyor designated by the CCS.

When an extraordinary risk occurs, such as the pluvial flood events that hit Barcelona on 9 October
and 15 November 2018 (Figure 4), the CCS sends one or more expert surveyors to provide an estimation
of the extent of the damage. According to discussions with the CCS, these estimations are extremely
close to the final payouts, which denotes the remarkable know-how of such experts. For these reasons,
the depth-damage curves developed in this study are mainly based on the knowledge of a flood
expert surveyor. In the same line, the curves developed by USACE [51] were based on the expert
opinion method described in the Handbook of Forecasting Techniques (IWR Contract Report 75-7,
December 1975) [52] and the Handbook of Forecasting Techniques, Part II, Description of 31 Techniques
(Supplement to IWR Contract Report 75-7, August 1977) [53].

3.3. Methodology

3.3.1. Data

A comprehensive analysis of 378 records of properties damaged by floods at a national level
was carried out. These records come from the actual damage assessed by a flood expert surveyor
and include the CCS compensation and the floodwater depth inside the property when available.
The source of this data is from a number of floods that occurred during the period 2012 to 2018 and
affected Spanish municipalities of different economic levels located across the Mediterranean (pluvial
floods) and Cantabrian (fluvial floods) areas. Records from pluvial floods include damage caused
by medium and lower water depths (up to 50 cm for ground floors), while those from fluvial floods
contain losses originating from high floodwater depths (up to 100 cm) inside the properties. Among
the available information was the type of asset damaged: a) building, b) furniture and household
furnishings, and c) inventory. It has to be noted that not all insurance policies cover both the structure
(building) and the contents (furniture and household furnishings, and inventory). For instance,
the tenant may pay only for the coverage of furniture and household furnishings, and there could be
no inventory to insure. Therefore, not all 378 records provide data for the three types of assets that are
“potentially insurable.” In this way, the useful data can be classified into: 354 records for buildings,
242 records for furniture and household furnishings, and 98 records for the inventory. Regarding the
floodwater depth inside the property, 52 different depths from 1 cm to 280 cm were available. Water
depths were distributed as follows: 43% (163) up to 10 cm, 46% (147) between 10 and 50 cm, 8% (30)
between 50 and 100 cm, and 3% (11) corresponding to depths higher to 100 cm. Table 3 presents a
summary of the records available, grouped by type of asset and property.

3.3.2. Analysis

It is assumed in this study that buildings cannot collapse. Variables such as the erosion of the
terrain over which the building is located could be responsible for a possible structural collapse, rather
than the water level itself. In addition, this type of failure is very unusual, thus its consideration could
undermine the curve profile for the frequent cases (i.e., no collapse). Therefore, the maximum relative
damage established is limited to the percentage that represents the building components over the
construction costs (i.e., floors, carpentry, electrical installation, air conditioning, plastering, cladding,
painting, etc.). In order to set this maximum loss, construction price records [54] have been consulted,
and for each construction stage we considered the relative damage that flooding can cause. As an
example, the maximum loss resulted in 34% for dwellings, 30% for industries, 15% for car parks, and
36% for offices. On the other hand, furniture and household furnishings, such as crockery, metal
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shelves, or pallet trucks, are not generally ruined by flooding. Thus, a maximum relative damage value
has been set for this type of asset, between 90% and 97% depending on the type of property.

Fourteen types of properties have been proposed, and the available records have been classified
accordingly. For each type of property and asset (i.e., building, furniture and household furnishings,
and inventory) the correlation between economic damage and water depth inside the property has
been analyzed. It should be noted that economic damage refers to the actual damage assessed by the
flood surveyor rather than the compensation paid by the CCS (usually a lower amount).

Table 3. Summary of available records per type of property.

Building Furniture and Household Furnishings Inventory

Type of Property
N of

Records

N of
Different
Depths

Average
Relative
Damage

N of
Records

N of
Different
Depths

Average
Relative
Damage

N of
Records

N of
Different
Depths

Average
Relative
Damage

Dwelling 100 22 4.15% 97 20 20.38%

Workshop 15 11 13.84% 15 11 27.10% 16 8 40.33%

Health 8 5 4.45% 8 5 2.75%

Office 14 10 7.42% 5 3 39.21%

Industry 12 10 2.74% 11 9 9.03% 12 10 17.09%

Hotel 2 2 16.24% 1 1 100.00%

Education 14 8 3.32% 8 5 2.75%

Sport 6 4 5.96%

Homeowners
association 44 14 0.56%

General trade 67 23 5.07% 67 23 19.81% 52 16 26.45%

Restaurant 15 10 11.14% 14 9 18.77% 0 3 41.41%

Car park 39 11 0.38%

Warehouse 18 11 1.60% 16 10 14.70% 18 11 23.85%

Churches and
singular buildings

A single record was available for this type of property. Its corresponding depth-damage curve has been developed under the
criterion of the flood expert surveyor.

Total 354 141 242 96 98 48

To standardize the diversity of geographical locations, economic level of construction, and type
of property, the first action was to develop relative depth-damage curves by determining the ratio
between economic damage and total property value. To do this, we set the value of each asset according
to the availability of either the assessment of the flood surveyor or the insured amount, when a prior
evaluation of the assets was not done. The asset value set divided by the total square meters of the
entire building (i.e., whether flooded or not) results in the cost per square meter (€/m2). In turn, the
value set by the flood surveyor divided by the flooded floor area results in the damage per square
meter (€/m2). It has to be noted that buildings may have different numbers of upper floors, which
usually results in a single flooded floor, and thus the total floor area is not flooded. The ratio between
cost and damage per square meter provides the relative damage value, which has been averaged
among all records from the same type of property, as indicated in Table 4 for a commercial property.
Thus, the 67 records classified as general trade and corresponding to building assets are grouped into
23 different water depths inside the property.

We analyzed the correlation between relative damage and water depth for each type of property
and asset. A great variety of coefficients of determination have been obtained, offering a good fit in
some cases but a poor one in others. For industrial use and building assets, an accurate correlation was
observed (R2 = 0.81); however, in the case of general trade, a very poor value was obtained (R2 = 0.0022)
(Figure 5).
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Table 4. Records from commercial use (building), grouped by water depth inside the property.

Depth (cm) N of Records Average Value (€/m2) Average Damage (€/m2) Relative Average Damage (%)

1 1 1052.63 95.00 9.02

2 8 434.33 8.56 2.25

3 11 502.28 16.33 24.85

4 2 416.94 29.36 7.04

5 6 411.15 12.98 2.28

6 2 367.71 5.33 1.45

7 1 735.46 15.45 2.10

10 8 415.81 4.38 1.22

12 1 742.41 1.14 0.15

15 3 494.94 2.07 0.42

18 2 741.07 4.65 0.46

20 8 753.99 22.61 12.32

30 1 753.41 7.73 1.03

32 1 493.75 18.11 3.67

35 1 539.77 15.64 2.90

40 3 370.84 5.84 1.60

45 1 453.72 6.61 1.46

48 2 520.17 18.92 3.70

60 1 598.09 6.89 1.15

74 1 842.39 4.95 0.59

82 1 467.29 36.78 7.87

85 1 200.07 21.28 10.63

100 1 750.00 137.63 18.35

TOTAL 67 567.75 21.66 5.07

For the scatter plot of some types of properties and assets, some outliers were identified for which
low water depths caused unexpectedly high damage values. Some explanations in this regard may
be given: 1) the heterogeneity of construction elements, 2) different furniture quality and costs, 3)
stowage conditions, and 4) the existence of cold stores. As an example, the red dot in Figure 5 (general
trade and inventory) indicates that very high relative damage occurred to the inventory (i.e., 70%) of a
general trade when the property was only flooded by 1 cm.

Overall, some other inconsistencies may be discussed:

• The general trade category includes a variety of trades. They range from those that are more
flood-resilient, such as outlets established in an industrial warehouse, to those more vulnerable to
floods, such as fashion boutiques with parquet floors, cladding, and wood furniture.

• Damage to the inventory of chilled food trade occurs in a cascade. When cold stores are flooded
with even a low floodwater depth, the damage could be total. However, in the case of a trade of
construction materials, even when part of the inventory is flooded, it is possible to salvage the
inventory placed on upper floors.

Particularly in terms of building assets, the linear correlations present an accurate fit in some
cases but not in others, highlighting that, overall, the phenomenon is not well explained for low
depths. It has been observed that for buildings from the majority of property types, the maximum
relative damage is reached at 180 cm of water depth. This is the depth fixed for all buildings to reach
maximum damage.
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Figure 5. Relationship of water depth inside the property and relative damage to building, furniture
and household furnishings, and inventory, for industrial and general trade property uses.

3.3.3. Depth-Damage Curves’ Development for Barcelona

Based on the analysis of the available data and applying corrections according to the expert
opinion, nationwide relative depth-damage curves are initially developed. As stated by Van Vloten [55],
in situations where there are no previous damage data or when the elements at risk are not comparable,
consulting expert opinions on the matter is a good choice. This involves asking their opinion on
the percentage of damage they expect for each structural type and for each hazard intensity. Expert
opinions are also sought in the U.S. HAZUS methodology for the assessment of the impacts of flooding,
for which depth-damage functions were derived from expert opinion and historical data [56], as has
been done in the present study. The report of the Gulf Engineers & Consultants (GEC) [51], developed
for the USACE, explicitly highlighted the importance of insurance experts as a primary source for
obtaining depth-damage relationships. Also, in the work done by Bedford et al. [57], a variety of
depth-damage curves were proposed based on expert opinions and damage claims in 1993 and 1995.

To make the depth-damage curves applicable to a specific municipality (i.e., Barcelona), these
must be monetized by converting relative damage into economic damage per square meter (€/m2).
In order to do this, the economic level of the target city is included. We must stress the importance
of monetizing the curves of each type of asset separately and aggregating them afterwards into a
single curve per type of property. In doing so, the disparity of prices for each type of asset in different
municipalities may be taken into account. For instance, the cost of a building could be the same
between two different municipalities, while the furniture, household furnishings, and inventory prices
could be significantly different.

3.3.4. Regional Transferability to Other Spanish Urban Areas

Departing from the semi-empirical depth-damage curves developed for Barcelona in the project
RESCCUE, the present research goes further, proposing a methodology to transfer them to other
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Spanish municipalities. This allows for the use of depth-damage curves for flood damage assessments
at a national level through curves obtained under a standard methodology.

The regional transfer of Barcelona’s curves to a large number of the 8131 Spanish municipalities
considers demographic, economic, and geographical factors, as they substantially influence the prices
of goods and services across the country [16]. Regional adjustment indices have been obtained, taking
as a reference Barcelona, based on indicators that are used as proxies of the expected regional price
variability for the different assets’ curves (Figure 10). The original 14 types of property uses were
grouped into three general sectors: commercial, industrial, and residential and others. These have been
classified by type of asset in order to obtain three indicators (i.e., building, furniture and household
furnishings, and inventory) (Table 5). For instance, the prices of buildings used as warehouses are
assumed to vary, as commercial buildings do, but warehouses’ furniture, household furnishings, and
inventory are more closely related to the price variability of the industrial sector. Relevant economic
or market data at the municipal level are scarce, which was a limiting factor when developing the
curves. Thus, when necessary, assumptions were made regarding the price or value variability of
similar structures within a municipality.

Table 5. Relationship between property uses and general sectors for assets.
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Warehouse   •    • • 
Car park •        

Restaurant   • • •    
General trading   • • •    

Homeowners association •        
Sport • •       

Education • •       
Hotel • •   •    

Industries      • • • 
Office   • •     
Health • •   •    

Workshop      • • • 
Dwelling • •       

Churches & singular building • •       

Buildings, for the residential and others sector, represent the physical structure of the living space
and the indicator selected to define their relative value per municipality is the average tax value per
square meter for all properties’ transactions during the reference year 2020. These were obtained from
an online real estate agent (www.idealista.com). For municipalities with no data available, the lowest
value of their corresponding autonomous region has been considered as a proxy of the value, as those
not represented are small, low-income towns. The baseline assumption is that the differences at a
municipal level of the costs of damage reconstruction are comparable to the differences in property
value. Continuing with the residential and others sector, the cost of damage to furniture and household
furnishings is assumed to be aligned with the average disposable income per municipality. Hence,
the indicator to compute the variation in content damage curves for the residential sector among
municipalities is obtained through the statistics published by three sources: 1) the National Tax Agency
(www.agenciatributaria.es), 2) the regional tax agency of the Basque Country (www.eustat.eus), and 3)
the statistics agency of Navarra (www.navarra.es). Data were limited by the information provided by
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tax agencies that display small municipalities’ results in groups; thus, it was not possible to include
municipalities with under 3000 inhabitants.

The residential and others sector does not consider inventory. Not all types of property uses
include all three asset types. For instance, while car parks only consider building assets, offices contain
the three types of assets.

Regarding the commercial and industrial sectors, the price variability among municipalities of the
furniture (there are no household furnishings related to these sectors) and inventory has been explained
through two indicators (n = 2): a) average revenues of each of the two sectors at the autonomous region
scale, and b) the number of businesses per sector at a municipality level. The Sauerbeck index [58]
(Equation (1)) was applied, defined as the arithmetic average of two or more reference prices to the rest
of the municipalities’ relative values, on the basis of Barcelona prices. This was found to be the most
appropriate way to introduce two related datasets that were at different geographical scales.

Indexs,mi =
1
n
× AVs,mi

AVs,m0
+

NCs,mi

NCs,m0
, (1)

where n is the number of indicators (n = 2), s is the sector represented (i.e., commercial or industrial),
mi denotes municipality i, and m0 is the reference municipality (i.e., Barcelona); AVs,mi represents the
average economic value for the sectors of the autonomous region municipality i belongs to; NCs,mi
stands for the number of companies of sector s registered in municipality i; and AVs,m0 and NCs,m0
represent the same values for the reference city of Barcelona.

In the furniture and household furnishings asset category, the variable AV takes the average
investments in tangible assets per autonomous region for all companies registered under commercial
and services sectors on the one hand, and the industrial sector on the other hand. For the inventory, the
variable AV considers the average business revenue per autonomous region and sector. The number of
commercial (commercial and services registered companies) and industrial companies per municipality
(NC) comes from the national statistics office (www.ine.es). The lack of economic data at a local scale
was an obstacle to including more precise values, and the two datasets alone do not provide any
relevant measure. However, when combined they provide the local average revenue of the businesses
belonging to each of the sectors displayed.

In summary, the spatial variability of the damage costs for the furniture and household furnishings
can be explained by the differences in the average investment in tangible assets per municipality. In
this sense, a city where the average investment to improve their assets is higher than the reference
city (i.e., Barcelona), the damage caused to its business would be higher. The average local revenues
are proposed to explain the inventory costs’ variability. This follows the rationale that, the higher the
revenue in a municipality, the higher the inventory would be stocked in local businesses. Hence, the
damage would be higher in the case of a flooding event. The spatial costs variability for buildings was
established based on the property values for commercial, industrial, and residential sectors. The lack
of data at a municipal level of commercial and industrial property values limited the range of action.
However, the official property values (€/m2) of the three sectors from the Spanish Registrar Chartered
Institute (www.registradores.org) were used to obtain the value variation at the autonomous regional
level, which was then applied to the municipal property values. The final regional adjustment indices
(RI) are obtained as decimal fractions referring to Barcelona (i.e., the unit).

3.3.5. Temporal Transferability

Regarding the price variability over time, a method to transfer damage curves to the future has
been applied to the original depth-damage curves developed for the year 2020 in Barcelona. The time
horizon has been set to 2060, defined by the availability of the economic forecast. Long-term economic
forecasting is a projection based on an assessment of the economic climate in individual countries and
the world economy using both econometric models outputs and expert judgement [59]. Therefore,
they can be characterized by uncertainty and complexity [60]. Considering this, and the scarcity of
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long-term projections, a temporal indicator has been developed using the OECD real GDP long-term
forecast for Spain [61]. This is the most reliable source of information of its kind. Using the year 2020
as a reference, an indicator of the potential economic growth has been included up to 2060 in order
to transfer present damage costs to future estimates. The final temporal adjustment indices (TI) are
obtained as decimal fractions referring to 2020. Consequently, in order to obtain the depth-damage
curve of a certain municipality for a specific year, the total adjustment index (TAI) (Equation (2)) will
be applied to each monetized asset curve of Barcelona (Table 7 and Figure 12):

TAI = RI ∗ TI , (2)

where TAI is the total adjustment index, RI is the regional index, and TI is the temporal index.
Figure 6 presents the expected economic trend until 2060, thus the current depth-damage curves

can be updated accordingly by multiplying the monetized aggregated curves (i.e., including building
and contents) by the temporal index for a specific year obtained through this function.

1.00
1.05
1.10
1.15
1.20
1.25
1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85

20
20

20
22

20
24

20
26

20
28

20
30

20
32

20
34

20
36

20
38

20
40

20
42

20
44

20
46

20
48

20
50

20
52

20
54

20
56

20
58

20
60

Te
m

po
ra

l i
nd

ex
 (-

)

Year

Building & Contents

Figure 6. Temporal adjustment indices to transfer present damage costs to future estimates for buildings
and contents until the year 2060. Values based on the OECD real GDP long-term forecast for Spain [61].

3.3.6. Graphical Overview of the Proposed Methodology

Figure 7 gives an overview of the research process. It summarizes the key steps in the development
of nationwide depth-damage curves.

Figure 7. Flowchart of the development of depth-damage curves for Spanish municipalities.
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4. Results

4.1. Relative Depth-Damage Curves Development

The relative damage corresponding to intermediate water depths (between 10 cm and 180 cm),
when the coefficient of determination is acceptable, has been set as the range for the linear regression.
Nevertheless, relative damage for low depths (<10 cm) has been adapted according to the opinion
of the flood expert surveyor. Regarding the damage related to high water depths (>180 cm), the
maximum value has been set. Therefore, only in those situations where the correlation was not accurate
enough has the curve been adjusted according to expert opinion. Figure 8a showcases an example
of a relative depth-damage curve proposed for the building of an industrial property. Inventory for
commercial uses, though, except for those elements that require cold stores, tends to be at the same
height, and accordingly its damage is also evenly distributed, as shown in Figure 8b. For the inventory,
a maximum 100% relative damage has been considered, assuming that those elements that can be
saved after flooding (e.g., plastic, construction materials, etc.) are not representative.
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Figure 8. Proposed relative depth-damage curves and actual damage recorded for type of asset and
property: (a) industrial buildings and (b) inventory, general trade.

Overall, the best correlations (linear) (i.e., high R2) were found for furniture and household
furnishings, with values of R2 = 0.74 for restaurants and R2 = 0.82 for workshops. In these cases,
damage related to low depths was set according to the expert opinion, and the maximum damage was
set between 90% and 97% according to the type of property. Figure 9 shows, as an example, the relative
depth-damage curves proposed for furniture and household furnishings in restaurants and workshops.
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Figure 9. Proposed relative depth-damage curves and actual damage recorded for furniture and
household furnishings and type of property: (a) restaurants and (b) workshops.
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Figure 10 shows the proposed relative depth-damage curves for each asset, building, furniture
and household furnishings, and inventory, according to 14 different types of property uses. These
semi-empirical curves are developed to be applied in any Spanish municipality. Therefore, the curves’
shape are invariable in both space (in Spain) and time.
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Figure 10. Relative depth-damage curves for Spanish cities: (a) buildings, (b) furniture and household
furnishings, and (c) inventory.

4.2. Monetization of Relative Damage for Barcelona

To monetize the curves for Barcelona, initially the deciles (cost(€)/m2) from the distribution of the
data sample for each type of property and asset have been determined. According to expert opinion,
a specific decile has been established for each type of property based on the target city. In some cases,
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the expert suggested providing an average value or making a direct estimation when the deciles did
not match with his criterion, as Table 6 presents.

Table 6. Proposed cost (€/m2) for assets (i.e., building, furniture and household furnishings, and
inventory) for each type of property in Barcelona.

Building
(€/m2)

Decile (Di)
Furniture and

Household
Furnishings (€/m2)

Decile (Di)
Inventory

(€/m2)
Decile (Di)

Dwelling 999.89 D9 227.51 D9 - -
Workshop 539.00 D8 419.03 D8 190.88 D8

Health 1227.75 D9 1871.91 D8 250.00 Direct
estimation

Office 1500.00 D9 401.05 D9 - -
Industry 568.16 D9 1827.36 D8 404.14 D8

Hotel 1443.00 D8 208.25 D8 50.00 Direct
estimation

Education 1521.23 D6 151.14 D8 - -
Sport 1811.85 90% D9 86.68 D6 - -

Homeowners association 1629.62 D8 - - - -
General trade 743.93 D8 338.85 D8 394.84 D8

Restaurant 1050.74 D9 470.78 D9 60.93 D9
Car park 1064.59 90% D6 - - - -

Warehouse 733.43 D8 446.07 D8 853.86 Average D6
to D9

Churches and singular
buildings 906.00 Average D6

to D9 250.00 Direct
estimation - -

Once an adequate cost per square meter was associated with each property and asset according to
the expert opinion for Barcelona, depth-damage curves were constructed for each asset. The following
aggregation of the three types of assets provided the total depth-damage curves (Figure 11).
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Figure 11. Semi-empirical depth-damage curves for Barcelona.

For those type of properties and assets with data scarcity or those that presented a low coefficient
of determination, the expert used his criterion to adjust a curve from other property uses expected to
be similar.

4.3. Depth-Damage Curves for Other Spanish Municipalities

As an example, Table 7 presents the regional indexes (RI) corresponding to some of the most
damaged municipalities in Spain (Figure A1) due to flooding, which allows for constructing their own
depth-damage curves (Figure 12).
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Table 7. Regional indexes by assets in general use for the 10 most damaged municipalities in
Spain, 1995–2019.
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Figure 12. Depth-damage curves for some of the most damaged municipalities in Spain due to flooding
(pluvial and fluvial) for the 2020 reference year.

The literature is scarce on the spatial transferability of damage curves, but a similar study by the
IBI Group for Alberta (Canada) [16] uses the results of a local consumer price index survey to transfer
damage to all economic sectors. Therefore, although limitations still exist, the present study represents
an improvement on the current state of the field.

5. Conclusions

The use of depth-damage curves is globally accepted, even acknowledging the omission of other
relevant variables, such as the water velocity or the floodwater residence time. A number of flood
damage models are based on the use of these water-damage relationships. One of their major limitations
is their site-specific nature, which means they cannot be applied in other regions. Moreover, the need
of price updating may be considered a limitation, too. These issues are discussed in the literature and
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there is broad agreement about the better performance of relative depth-damage functions that remain
static at least in time. Their shape, though, in terms of regional transferability, is more dependent on
the style and typology of construction, which could be assumed to be fairly uniform at a national level.
Maybe, for these reasons, standardizing a methodology of curves at a European level does not seem
feasible yet, as some authors indicate discrepancies among computed and actual damage when using
these continent-wide curves. Besides, countries such as the United Kingdom (Multi Colour Manual)
and the United States of America (HAZUS-MH) apply their own nationwide depth-damage curves,
and they have been well accepted for many years.

Barcelona is one of the case studies of the EU-funded RESCCUE project, whereby a comprehensive
analysis of its climate resilience has been carried out. The impact of increasingly frequent pluvial
floods has been analyzed. Namely, a detailed flood damage assessment has been conducted for the
entire city, focusing primarily on properties. Due to the lack of existing detailed depth-damage curves
for Barcelona, a tailored approach has been used, considering the 14 types of properties commonly
found in highly urbanized cities. These developments were based on a sample of actual damage
records; when insufficient or when the correlation between the damage and water depth was poor, the
contribution of a flood expert surveyor was essential. Therefore, as in many other previous studies,
expert opinion was included, resulting in the construction of semi-empirical depth-damage curves for
Barcelona. In addition, this paper offers a methodology to obtain the depth-damage curves for any
Spanish municipality, which provides standardization of depth-damage curves at a national level.

The methodology to standardize the construction of depth-damage curves in Spain presented here
will contribute to enhancing cost-benefit studies in flood damage assessments at a micro scale and will
allow for the comparison of results between different regions of the country. This could take on special
relevance for future reviews and updates of flood risk management plans in Spain in the framework
of the European Directive 2007/60/CE, included in the Spanish legislation through the Royal Decree
903/2010.
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Appendix A

Figure A1 indicates the 20 municipalities in Spain most damaged by flooding in 1995–2019, which
considers both pluvial and fluvial floods, but only damage to properties. The values indicated in the
graph correspond to the compensation paid by the CCS.

Figure A1. The 20 most damaged municipalities in Spain due to flooding (pluvial and fluvial) according
to the compensations paid by the CCS.
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Abstract: Expanding populations and increased urbanisation are causing a strain on cities worldwide
as they become more frequently and more severely affected by extreme weather conditions. Critical
services and infrastructure are feeling increasing pressure to be maintained in a sustainable way
under these combined stresses. Methods to better cope with these demanding factors are greatly
needed now, and with the predicted impacts of climate change, further adaptation will become
essential for the future. All cities comprise a complex of interdependent systems representing critical
operations that cannot function properly independently, or be fully understood in isolation of one
another. The consequences of localised flooding can become much more widespread due to the
inter-relation of these connected systems. Due to reliance upon one another and this connectedness,
an all-encompassing assessment is appropriate. Different model representations are available for
different services and integrating these enables consideration of these cascading effects. In the case
study city of Bristol, 1D and 2D hydraulic modelling predicting the location and severity of flooding
has been used in conjunction with modelling of road traffic and energy supply by linking models
established for these respective sectors. This enables identification of key vulnerabilities to prioritise
resources and enhance city resilience against future sea-level rise and the more intense rainfall
conditions anticipated.

Keywords: fluvial; pluvial; tidal; sewer; flood; risk; climate change; modelling; cascading effects

1. Introduction

The challenge facing cities includes the need for urban expansion to accommodate rising
populations. This puts a heightened demand on existing infrastructure and this is particularly
apparent in many older cities that were not designed for the modern-day population and climate,
making them unable to cope with such pressures [1,2]. The effects of climate change are likely to make
this impact much worse in the future [3]. More severe storms and prolonged wet or dry periods all
increase the risk and likelihood of pluvial flooding problems being encountered [4–7]. Drier landscapes
from longer periods of drought in summer will produce surfaces more susceptible to rapid run-off and
the increased storms and likelihood of thunderstorms exacerbates this risk [8]. Warmer and wetter
winters mean more prolonged periods of wet weather, raised groundwater tables and higher river
baseflows [9]. Rising sea-levels and heightened river flows are anticipated to create a more substantial
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threat from tidal and fluvial flooding sources, especially given the increased storm surge component
associated with this [9].

In response to this, as well as many other well-known implications associated with climate change,
Bristol City Council (BCC, Bristol, UK) has declared a climate emergency and has issued a Climate
Emergency Action Plan as well as the Bristol Resilience Strategy to try and counteract and reduce these
factors where possible [10,11]. Change in the climate is inevitable and is already being experienced to
some extent; evaluating ways to adapt to this change is therefore essential. Work conducted on the EU
RESilience to cope with Climate Change in Urban arEas (RESCCUE) [12] project with BCC and other
key partners such as Wessex Water, the University of Exeter and IREC (Catalonia Institute for Energy
Research, Barcelona, Spain) has made efforts to devise ways of assessing and managing increased
flood-related climate risk and these will be elaborated upon below.

This article responds to increasing hazards by evaluating interdependencies in critical infrastructure
and services functioning in the city of Bristol. In particular, the work focuses on the key elements of
the existing drainage infrastructure, electricity supply system and road network. Roads also represent
a significant conveyance mechanism for urban surface water (Fewtrell et al., 2011) [13]. During intense
rainfall, these are likely to act as channels for exceedance from the sewer network. Similarly, the energy
distribution network can be disrupted during flooding, leading to cascading damages and service
interruption across many sectors of a city. Previous research has typically evaluated these systems
independently (Pyatkova et al., 2018), however, it is apparent that safe and effective management of
cities requires full consideration of interdependencies between complex and highly connected urban
systems [14]. The aim of the work is to identify where the main vulnerabilities lie in areas of central
Bristol and its immediate surrounds that are more prone to flooding through interlinked modelling, in
order to develop adaptation plans to counteract this risk. The paper is structured through initially
setting the case study city background and weather-related climatic threats it is faced with now and that
which are anticipated in the future. It then goes on to define how these risks have been modelled and
assessed and interprets the findings based on implications posed from the various sources of flooding
to certain city services and specific areas of the city. Adaptation measures proposed to counteract this
risk and attempt to relieve some of the effects of these impacts are then given further consideration.

Bristol Case Study

Bristol is located in the South of England, UK within the Severn River Basin District (see Figure 1)
and is particularly vulnerable to tidal/fluvial flood risk, being subjected to the second-highest tidal
range in the world from the Severn Estuary which influences the tidal River Avon as well as having
significant surface water flood risks [15]. The River Avon shown in Figure 2 passes through Bristol
from East to West, with a portion of the flow entering the Floating Harbour in the central area, which
has a regulated water level and has complex interactions between incoming tides and river flows. The
majority of river flow is diverted along the River Avon New Cut where it continues westwards and
discharges into the Severn Estuary at Avonmouth. The “New Cut” is a man-made channel of the River
Avon and was constructed in the early 19th century to allow the creation of the Floating Harbour
which provides a permanent dock facility isolated from extreme tidal effects. Many tributaries of the
Avon within Bristol are tidally influenced near their outfalls.

The city is also rapidly expanding; in recent years it has seen the second-largest rate of population
growth in the UK, outside of London. Urban expansion and the threat from intense downpours, which
are expected to become more frequent and of greater severity in the future, combined with sea-level
rise will impact on critical drainage infrastructure and land drainage functions in Bristol. Improving
urban resilience in the city can be achieved by the capability to anticipate, prepare for, respond to, and
recover from these significant multi-hazard threats with minimum damage.

In order to achieve the above aims, adaptation plans (on all scales from strategic, operational
to community-based including societal and economic impacts) have all been duly considered. The
underlying objective was to find ways in which to adapt to this shift in weather patterns and account
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for what is “the new norm” through a range of proactive and reactive responses. Analysis of the
impact that high tides combined with heavy rainfall have through direct flood damage on riverside
areas adjacent to the tidal River Avon (and its tributaries) fulfilled part of this assessment. As well
as direct impacts, indirect impacts (on the operation of urban drainage systems for instance) were
evaluated. This included analysis of flooding issues linked to tidally influenced sections of the sewer
network, for example. Wider impacts, in respect of the cascading effects on critical city services, were
also considered as a follow-on consequence of flooding. The way in which this was quantified and an
overview of some of the outcomes is described in the following sections.

 

Bristol London 

 

Figure 1. Location of Bristol, in the Severn River Basin District, shown on the South England and South
Wales, UK River Basin District map.

Figure 2. Map of main rivers, streams and surface water interceptor tunnels in the Bristol City Council
Local Authority administrative area.

2. Materials and Methods

2.1. Flood Modelling

The city of Bristol is now quite comprehensively modelled as far as sewers, watercourses and the
tidal River Avon is concerned. The Bristol Surface Water Management Plan [16] model, developed
in conjunction with Wessex Water, covers the entire city and incorporates much of the underground
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piped sewer network. The tidal River Avon is modelled throughout its expanse within the BCC area
providing coverage of the whole watercourse within the city as modelled in the Central Area Flood Risk
Assessment (CAFRA) [17]. Tributaries of the River Avon also have detailed flood mapping in the lower
reaches of their catchments in the CAFRA [17]. At Avonmouth, in West Bristol, the effect of tidal and
fluvial flooding from the Severn Estuary and Avonmouth rhyne network (drainage ditches that serve
the area) is mapped through the Avonmouth/Severnside Level 2 Strategic Flood Risk Assessment [18].
Purely fluvial flood extents for other watercourses, not tidally influenced, that appear throughout
the remainder of the city are covered by Environment Agency Flood Mapping [19]. By analysing the
exposure of urban services and critical city infrastructure to flooding and the vulnerability of key
services such as the electricity supply, road network and drainage infrastructure, the impacts and risk
can be assessed over time and the necessary adaptation measures considered to ensure their continued
functioning. The flood models for pluvial flooding as well as combined fluvial and tidal flood events
that exist for Bristol can provide flood extents, levels, depths and hazard ratings inclusive of uplift for
climate change. The models used of the sewerage systems for drainage aspects are coupled with models
in the flooding sector, most notably with integrated modelling of drainage systems and watercourses.
A hazard assessment for current and future (climate change) scenarios exists and this utilized detailed
models and software tools including Infoworks ICM 1D/2D urban drainage modelling [20]. This analysis
was based on models built during the preparation of the City Drainage Master Plans and Surface
Water Management Plans. The tidal and fluvial model involved ISIS [21] and TuFLOW [22] for the
joint probability modelling on the River Avon.

The estimated change in future climate parameters was informed by the Met Office and UK
guidance and sensitivity checked by the Madrid-based Climate Research Foundation (FIC) as part
of the RESCCUE project [12]. Models of the tidal and fluvial system in Bristol have been completed
through the CAFRA [17] study conducted by BCC. CAFRA analyzed combination events of tidal floods
and fluvial flood flows (i.e., the joint probability of the two flooding sources occurring simultaneously)
of varying magnitudes. This was to establish the predominant risk and threat to the city centre, both
now and into the future including the predicted impacts of climate change. The conclusion was
that the high tidal element causes the greatest flooding risk, far outweighing the fluvial component.
The CAFRA study included a large-scale hydraulic model of the tidal and fluvial systems in central
Bristol. The model itself was completed using a combined 1D and 2D model built using ISIS-TuFLOW
software packages. The majority of the river networks in central Bristol were simulated using the 1D
ISIS software, with topography and ground surface represented using 2D TuFLOW. The model was
updated as part of the ongoing River Avon Flood Risk Management Strategy.

The modelling has allowed flood depths, velocities and extents to be determined, allowing
comprehensive flood hazard mapping for the city in accordance with the UK DeFRA standards [23,24].
Observed and predicted tidal flood levels for the Severn Estuary and tidal River Avon have provided
some verification of the model outputs and a series of particularly high tides experienced in 2014
assisted with this, during a stage of the 19-year lunar cycle that caused exceptional astronomical tide
levels. In order to predict and assess the likely impacts of climate change, the National Planning Policy
Framework (NPPF) [25] and UKCP09 [26] derived uplifts have been applied to the CAFRA tidal/fluvial
model. A damages assessment conducted in line with the “Multicoloured Handbook” (MCM) [27]
methodology has allowed for the quantification of the flood damages incurred in monetary value in
the present day and the future increase in damage value due to the effects of climate change. This
involved land-use data acquired via the UK’s National Receptor Database. The land-use includes
MCM Codes that correspond to depth-damage curves for specified land-use types. Tangible damages
on the economic sector were estimated by utilizing the SWMP pluvial model and CAFRA tidal/fluvial
model compared against the land-use area distribution through the MCM approach.

Present-day Bristol faces a significant risk of flooding from multiple sources. With the application
of a climate uplift factor applied to tide levels, fluvial river flows and rainfall intensity, this gives a
resulting increase in flood extents, depths, heightened flow velocities and subsequently an increase
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in flood hazard risk rating. The flood modelling for the present day has climate change allowances
applied to it in line with UK Government guidance [28] to estimate the projected future flood risk. This
was based on the data and recommendations available for the Severn River basin district to account for
an anticipated increased peak river flow. Upper-end peak rainfall intensity increases were applied,
applicable to all areas in England. For sea-level rise, the rate of increase (in mm per year–see Table 1) is
reflected in accordance with the advice for the Severn River basin district to use the South West River
basin allowances. The increases in flooding over time causes threats directly to land susceptible to this
risk but the effects of this are also felt beyond immediate high flood-risk areas, as will be explained in
this section. The quantification of damages, identification of key criticalities and vulnerabilities has
highlighted the most vulnerable areas.

Table 1. Reflecting the predicted future sea-level rise from a UK Government website [28].

Epoch 1990 to 2025 2026 to 2055 2056 to 2085 2086 to 2115
Cumulative Rise
1990 to 2115 (m)

Rate of rise (mm/yr) 3.5 8 11.5 14.5
1.11

Cumulative rise in
epoch (compared to

1990) (mm)
123 232 334 421

The astonishing estimated increase in the tide levels over time is reflected in Table 1 which states
national values recommended for planning purposes.

Table 2 defines the DeFRA/Environment Agency Flood Hazard rating and the danger posed to
people, including the emergency services which could be called upon in times of flooding disruption
caused to critical city services [23]. This has been used to assess the flood hazard posed in the Bristol
case study areas.

Table 2. DeFRA/Environment Agency Flood Hazard rating and the danger posed to people for different
combinations of flood depth and velocity [23].

Velocity
(m/s)

Depth of Flooding (m)

0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.8 1.0 1.5 2.0 2.5

0.00
0.1

0.25
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

Key:
Danger for some
Danger for most
Danger for all

2.2. Integrated Modelling

As outlined in Figure 3, not only were the various sources of flooding combined but these were
interfaced with models used to manage other city functions, such as traffic management and power
supply by overlapping models that exist for these sectors, with the output of one model providing
input to another. An integrated flooding-traffic model applied traffic simulations and flood impact
modelling carried out using the Simulation of Urban MObility (SUMO) [29] micro-scale traffic software
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package. The SUMO system can accommodate large road networks, appropriate for that modelled in
Bristol, and provides a continuous traffic simulation using open source data [30–33].

SWMP model 

flood depths 

CAFRA model 

flood depths 

Integrated flood traffic model - 

flooded road impact 

Integrated flood-power model - 

flooded substation impact 

Figure 3. Schematic diagram showing the linkage between the integrated modelling.

Flooding impacts on traffic flow in several ways including: redirection of traffic, reduction in
travel speeds, increases in journey times, congestion and increased pollution levels. The impacts may
be localized or widespread as drivers try to avoid a problem area and, in doing so, cause congestion
elsewhere [34,35].

The hazards posed to traffic flows are represented in relation to predicted flood depths along
individual road segments/links in the SUMO model. Flood depths define whether a link (section of
road) is closed (severe flooding) or if the maximum allowable speed along the link is to be reduced
(moderate flooding). This shows which roads would be closed and which would suffer congestion and
reduced speed. Any link that experiences flood depths of 0 to 0.10 m is determined as a non-affected
road, 0.10–0.30 m is described as a reduced speed road link and road links with flooding of over 0.30 m
are classified as closed. An indication of where the anticipated road closures would occur during a
flood scenario can be inferred. In 100 years and with the potential effects of sea-level, the future effects
of flooding can be surmised, allowing prediction of how the city will suffer in these areas in response to
this. Network management plans can be devised in response to this in the current day or longer-term
strategic solutions, and improved flood defences can be scoped out for the future.

The outputs of both the pluvial/sewer model and the tidal/fluvial models were also used to analyse
the impact on the electricity supply system serving the central area of Bristol (8 km2). The electrical
modelling created a sampling layer through the use of the open-source software QGIS [36] using
infrastructure location and attribute data provided by Western Power Distribution (WPD) [37], including
critical flood-depth thresholds (where known) for individual stations. This integrated flooding-electrical
model (IFEM), allows the generation of a GIS layer showing fully-affected, partially-affected and
non-affected substations and their areas of influence [38]. Knowledge of flooding extents and depths
allow the impact on urban services to be assessed in detail, thereby informing the planning of remedial
and mitigation measures contributing to the development of a Resilience Action Plan (RAP).

By combining flood mapping and electrical modelling of the power network (using data derived
from WPD), complications and cascading effects can be predicted. As the tidal cycle and future
astronomical tide levels are forecast well in advance, high spring tides that may combine with adverse
prevailing weather conditions can be foreseen with greater warning time ahead of a preceding tidal
flood event. Low atmospheric pressure systems and westerly winds raise the tidal storm surge
component in Bristol. Knowledge of these factors can then help in tidal flood preparations and
electricity substations within the potential flood area can be identified and actions taken to mitigate
or eliminate the flooding risk. Sewer flood maps and tidal/fluvial flood maps highlight how many
substations could potentially be affected with an increased magnitude of flood events if there is no
protection around the substations. The greater vulnerabilities and particular areas of concern can
then be demonstrated from this and used to inform the selection of effective protection measures [39].
Impacts from the electricity supply system resulting in power outages further afield can be yet another
implication and cascading effect felt by other city services reliant upon this facility.

Two particular high-risk areas within Bristol were then focused on to provide an in-depth detailed
analysis at significant locations. The problematic areas were analysed to formulate a RAP to cope
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better with this and to enhance future sustainability. The impact of flooding on urban services helped
quantify more of the overall risk faced. The two areas where analysis of traffic and energy disruption
caused by flooding has been conducted are (a) St Phillips Marsh and (b) Ashton.

2.3. Focus Areas

St Phillips Marsh, located east of central Bristol tidal/ fluvial flooding is the principal risk to this
mainly commercial and light industrial area. This area is heavily trafficked since it feeds in and out of
the main central business hub of the city and is already inundated with commuters.

Ashton, located in South-West Bristol where flooding occurs from the main watercourse
(Colliters Brook) and sewer systems (both combined and surface water); flooding is also significantly
affected by the water level in the tidal River Avon due to backing up of drainage systems in this low-lying
part of the city. Detailed Infoworks ICM-2D modelling was undertaken within this subcatchment.

3. Results

3.1. Sources of Flooding Modelled

3.1.1. Tidal Fluvial Flooding

In the present day, there are currently 1000 properties shown as “at risk” to an extreme (1 in 200-year
Return Period (RP) or 0.5% Annual Exceedance Probability (AEP)) tidal event in Bristol. The future
number of properties at risk rises to 3700 in the eventuality of an extreme (1 in 200-year RP or 0.5%
AEP) tidal event in Bristol becoming apparent in the future (2115) when considering the predicted
effects of sea-level rise.

The increase in predicted flood extents over the coming decades is illustrated in Figures 4–6. The
flow of the River Avon through central Bristol is from East to West, discharging in the Severn Estuary.
The tidal influences already cause flooding from the River Avon and Bristol Floating Harbour during
exceptional high spring tides and sea-level rise will exacerbate this problem in the future.

Figure 4. Flood depths and extent for a 0.5% AEP tidal flood event for the 2010–2044 scenario.
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Figure 5. Flood depths and extent for a 0.5% AEP tidal flood event for the 2044–2079 scenario.

Figure 6. Flood depths and extent for a 0.5% AEP tidal flood event for the 2079–2115 scenario.

In respect of flood hazard mapping, it is evident that the potential impact of climate change
(primarily sea-level rise) will have huge implications for properties at risk and for the continuity of city
services. Figure 7a,b displays this.

The DeFRA methodology for assessing flood hazard is accepted for application in the UK,
applicable to Bristol. Flood hazards posing a danger to people have also been assessed, however,
through other means in the works conducted by Martinez-Gomariz E et al. (2016), Chanson H and
Brown R (2015), Russo B et al. (2013), Arrighi C et al. (2017) that could be more applicable at other
localities [40–43].
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(a) 

 
(b) 

Figure 7. Hazard mapping for the 0.5% AEP tidal/fluvial event in (a) Present day (left) (b) 2115
(inclusive of climate change) (right).

3.1.2. Pluvial Flooding

More intense storms in the magnitude of 20–40% greater intensity are expected to occur more
commonly by the turn of the next century [28]. This element is captured in the increased flood extents
illustrated in Figure 8. In general, these show that under climate change and for very rare events, the
depth and severity of flooding will increase more significantly than will the extents of flooding, due to
the constraints imposed by the urban terrain.

Figure 8. Pluvial flood extents increasing over time with the predicted impacts of climate change.

In the Ashton area, the likelihood of property flooding as a result of combining a high tide with a
severe storm is estimated to be roughly four times more probable than at present by the 2050s and over
ten times more probable by the 2080s under the climate change conditions assessed here.

3.2. Integrated Flood Models

Flood models are useful inputs for evaluating the potential impact on critical city services such as
traffic and power supply. This then helps address the most vital elements and assists in targeting limited
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resources more effectively. It also helps promote the business case to encourage longer-term investment
in strategic interventions or to help devise shorter-term remedies such as operational procedures.

3.2.1. Traffic

For pluvial flooding, the analysis in the Ashton area showed that for a 1 in 30-year rainfall
event, (3.3% AEP) journey times went up considerably with the time of flood duration causing more
prolonged traffic disruption. Delay times on the network increased by approximately 14, 24 and 25 min
for the 20, 30 and 40 min duration rainfall events, respectively.

For fluvial flooding, the increase in reduced speed journeys and closed roads are shown in
Figures 9 and 10 below.

 

Figure 9. Flooding on the St Philip’s Marsh Bristol Road Network for a 1 in 20 Year Fluvial Current
Day event day.

 

Figure 10. Flooding on the St Philip’s Marsh Bristol Road Network for a 1 in 20 Year Fluvial Future
Climate Change Event 2115.
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3.2.2. Power

Utilising the location of critical infrastructure (such as electricity substations) and comparing
against predicted flood outlines can help infer power outages associated with flood events. Substations
located within the CAFRA and SWMP flood model outlines within central Bristol, St Philips and
Ashton were analysed. Specific information relating to the criticality of individual major substations
cannot be disclosed in greater detail due to security reasons, but the number of potential substations
affected and the percentage over the total studied are given in Table 3 for the three Average Water
Depth (AWD) categories established. In the most critical case (AWD > 1.60 m), the increase in severe
flooding occurrences rises from 2 to 76 when increasing the return period from T20 to T1000, meaning a
17.2% increase over the total number of 11 kV substations. These results are also displayed in Figure 11.

Table 3. Number of substations affected resulting from the electrical sector analysis, and the percentage
over the total of substations studied, according to different return periods, type of substations and
average water depth (AWD) categories.

Water Depth Type of
Substation

Number of Occurrences Percentage over Total

T20 T200 T1000 T20 T20 T200

0.1 m < AWD ≤ 0.8 m
11 kV 80 49 41 18.6% 11.4% 9.5%
33 kV 0 1 1 0.0% 33.3% 33.3%
132 kV 0 0 0 0.0% 0.0% 0.0%

0.8 m < AWD ≤ 1.6 m
11 kV 19 92 87 4.4% 21.4% 20.2%

132 kV 0 1 1 0.0% 100.0% 100.0%

AWD > 1.6 m 11kV 2 56 76 0.5% 13.0% 17.7%

 

Figure 11. Map of substations potentially affected by flooding for various return periods in the
2115 future case scenarios. The points are sized according to the three categories of flood event
magnitude established and coloured according to the year. This map shows the evolution of the
flooding depending on the return period.
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3.3. Focus Areas

3.3.1. St Philips Marsh

The benefits of protecting the riverside low spots subsequently by removing the over-spilling flood
extents shown in Figure 12 in the Bristol central area were quantified through a damages assessment.
Present-day damages are estimated through the MCM in the order of £40M whereas in 100 years with
the rate of sea-level rise continuing, this will be around £400M. The cost-benefit ratio can be gauged
from this when scoping out flood defences that may be suitable, feasible and economically affordable
at this locality.

Figure 12. DeFRA/Environment Agency Flood Hazard Mapping showing the danger posed to people
(please refer to Table 2) at St Philips Marsh for a 0.5%AEP tidal flood event.

3.3.2. Ashton

The increased pluvial flood depths and extents are very noticeable in the Ashton area in Figure 13
and the future tidal/fluvial flood hazard shown in Figure 14.

Critical parts of the Ashton area are at a lower elevation than the banks of the River Avon. The
River Avon New Cut river channel banks are at an elevation of between 8.5 m and 14.0 m AOD. By
contrast, the lowest ground elevation in Ashton is 6.3–6.8 m AOD (public open space/parkland), with
roads and properties at 6.8–7.5 m AOD or higher. The river level frequently surpasses this level in
the present-day during high Spring tides. In the extreme scenario, a (current) 1:200 year tidal/fluvial
flood event could take the river level to about 9 m AOD, well over two metres higher than the lowest
vulnerable ground level and would inundate the neighbourhood. With the effects of sea-level rise in
100 years, another metre may be added to the extreme tidal flood level. The average duration for which
these critical levels are exceeded is reflected numerically in Table 4 and then visually in Figure 15 to
outline the level of flooding experienced.
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Figure 13. Flooding extents in the Ashton area with climate uplifts (Note: this model run excluded
tidal effects in order to identify changes due to rainfall increase alone).

Figure 14. DeFRA/Environment Agency Flood Hazard Mapping showing the danger posed to people
(please refer to Table 2) at Ashton for a 0.5% AEP tidal flood event in 2120 inclusive of climate change.

Table 4. Critical tide durations estimated in future epochs.

Decade
Critical Tide Level (7.5mAOD) Is Exceeded

(%, Percentage of Time in a Year, on Average)
Extreme Tide Level (8.0mAOD) Is Exceeded

(%, Percentage of Time in a Year, on Average)

2010 0.34 0.04
2050 0.63 0.13
2080 1.30 0.39
2110 2.04 0.79
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Figure 15. Flooding in the Ashton area in the current day.

The complex interactions between drainage systems at Ashton include the influences of the
river tide level on surface water and combined sewer overflow (CSO) outfalls causing “tidelocking”
(the closure of non-return valves), resulting in backing up and surcharging of the system. Overflow
from a culverted watercourse to the combined sewer system is another contributory factor as is
the discharge from CSOs that will naturally increase with heightened rainfall. Inflow from natural
watercourses to man-made drainage ditches, surface water sewers and culverts also occurs as does
flooding out of watercourse channels to urban surfaces and flooding out of (combined and surface
water) sewers to urban surfaces. The 2D modelling of these systems has improved the understanding
of the complex interactions between surface flows and the drainage systems.

The Colliters Brook and surface water sewers discharge to the River Avon by gravity outfalls,
protected by tide flaps. When high tide level exceeds the outfall level, flows back up within the Colliters
Brook (which is in a culvert upstream of the outfall). Similarly, flows back up within the surface water
systems discharging to the River Avon or the Colliters Brook. With increasing sea levels, surface water
systems with tidal river outfalls will be compromised under high tide conditions, Figures 15 and 16
demonstrate this.

A major sewage pumping station (SPS) at Ashton Avenue takes combined sewage flow from the
Ashton area which helps alleviate the existing local flood risk issues. During intense storms, if the
pumping capacity is exceeded, flows are diverted to a gravity overflow system installed with tide
flaps. The gravity overflow can only discharge when the energy head in the surcharged trunk sewer
is higher than the river level. In extreme conditions (when all pumping capacity is beaten and very
high tide conditions prevail), flow level in the sewer can back up-potentially to ground surface level.
Thus, flooding of low-lying areas from the combined system could occur if the storm is of sufficient
intensity/duration and is coincident with a high river level. This increases the risk of combined
sewer flooding in severe storms which exceed the pumping capacity at Ashton Avenue SPS. Total
pumping capacity is currently exceeded by a storm of roughly 1 in 5 years or greater under current
rainfall conditions, with significant flooding predicted to occur roughly once in 30 years. Diversion of
“clean” streamwater to the combined system also increases CSO spill frequency at the SPS under lesser
storm events.
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Figure 16. Flooding in the Ashton area for the 2115 scenario (inclusive of climate change).

Climate change poses two direct threats to flooding in Ashton:

• With projected sea-level rise, the duration of critical tidal levels (exceeding about 7.5 m AOD) will
be longer, thus the gravity overflow at Ashton Avenue SPS will be able to operate for less time
(as indicated in Table 4)

• Severe storms and wet-weather periods will be more frequent and intense, increasing the
likelihood of

• Sewer flows exceeding the installed sewage pumping capacity
• Slightly higher flood flow levels in the river on top of the tidal effects

Within 100 years, the duration of a tide which is likely to cause flooding when the Ashton Avenue
pumping station is beaten (i.e., 7.5 m AOD) shows a 6 x increase in the probability of occurrence.
Furthermore, the duration of the tide which could cause serious flooding of properties (i.e., the 8.0 m
AOD tide) would increase from 0.04% to 0.79% of the time–a 20× increase in the likelihood of occurrence
compared to present day.

Sewer modelling has also indicated that under expected future rainfall conditions, the total
installed pumping capacity at the Ashton Avenue pumping station could be exceeded roughly
as follows:

• Current = exceeded once in 5 years
• 2050s = exceeded once in 2–3 years
• 2080s = exceeded once in 1–2 years
• 2110s = exceeded about once per year

4. Discussion

The main outputs of the SWMP model, that is, larger areas of pluvial flooding, have been verified
by observations on-site during heavy rainfall events. The re-runs of the 2018 version of the SWMP
model were also compared to the 2012 edition and the two correlated well. Through this analysis and
interpretation of the results, an outlined package of adaptation measures and strategies based on these
findings has been formulated. Examples of adaptations included in Ashton are:
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• Provision of a surface water pumping facility to allow the watercourse/surface water system to
discharge at all states of the tide (including sea-level rise)

• Re-grading of the Colliter’s Brook open channel section to alter the gradient and widen the
channel, providing more conveyance capacity

• Reinstatement of syphons and modifications to the structure which currently allows overflow
from the watercourse/surface water system to the combined system

• Reducing the impermeable area in subcatchment upstream of Ashton Drive by 20% achievable
through the introduction of sustainable drainage systems

Central area and St Philips Marsh:

• Construction of riverside flood defence walls to protect the low spots

Many of the outputs, methods and principles could be applied to any disruptive threats to the
normal running of a city, thus allowing improved capacity to respond to shock events. Trying to reduce
these impacts or enhance the recovery time by gaining a greater understanding of these systems and
connections will offer improvement. Projections of key climate variables (rainfall, temperature) and
sea-level rise for the epochs generated and how they will highlight the fragility and limitations on
existing infrastructure and service functions were demonstrated. Knowledge of the problems faced
assists in developing ways to sustain our key city functions and operations. Benefits of conducting the
analysis include highlighting the criticality of points of the transport network for network management
plans in the current day, such as the redirecting of traffic and issuing road closures that can be enacted
ahead of a high tide warning. Another benefit is in identifying flooded electricity substations which,
when resulting in failure, could indeed impact on another service that is reliant upon it as well within
the wider network that it serves, and which may be well outside of the original flooded area. To make
use of this, further investigation is required into other connected services. A key finding of the analysis
is that there is a need for extra sewer and/or land-drainage pumping station pumping capacity to serve
the area of Ashton in order to cope with future climate and tidal conditions. This is in addition to other
means of reducing flood flows entering the area such as separation and use of SuDS.

The modelling begins to demonstrate the complexities of the city once different overlying functions
are considered together as one. Understanding the ‘domino effect’ can then begin to quantify the
cascading implications. Evaluating these connections can help build resilience in developing emergency
response procedures and additionally inform strategic interventions. By integrating the models of
urban management systems with flood models, an overall projection of city risk can be portrayed.
Gaining a greater understanding of the resilience of city systems when we encounter disruptive events
like flooding can, in principle, be applied in a similar process to other physical, social and economic
challenges too. They will experience disturbances under such flood scenarios in the current day, which
will worsen further still in the future with the predicted effects of climate change. From this, we can try
and predict what some of the impacts will be if we were to experience extreme flood events, assess this
and make plans to try and counteract it.

5. Conclusions

The key findings of this study include the need for an essential improvement of existing drainage
infrastructure serving the area of Ashton in Bristol. The predicted effects of climate change and in
particular, the impact of sea-level rise on tidal outfalls, will mean that a critical pumping station
operating in the area will provide diminishing protection against extreme events as time progresses.
The current pumping capacity will fail to deal effectively with the more intense storms and heightened
river flows anticipated in future when outfalls become increasingly strained under rising sea-levels.

In the central St Philip’s Marsh area, the “dry island” effect posed to this locality will have a
larger knock-on impact to wider traffic flows in the adjoining road networks. In the future, under high
spring tide or extreme tidal flood conditions, road closures will be far more prevalent and journey time
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delays escalated. Network management procedures will need to adapt to this and the requirement for
longer-term strategic flood defences will become more pressing.

The number of electricity substations in central Bristol has shown to be at increased vulnerability
to extreme tidal flooding when future flood extents and depths are considered highlighting how in
the worst case (AWD > 160 cm) the number of substations affected could increase from 2 to 76 when
increasing the return period from T20 to T1000. The substations identified as within the at-risk
zones will need to ensure localized flood protection of the substation units up to the predicted future
flood levels.

From this paper, it can be seen the importance and need for an integrated analysis for risk
assessment related to city management during extreme events. Additionally, such analysis is of
extreme relevance in order to detect the most critical zones and elements which may be impacted
during such events; allowing to define and develop corrective strategies within the city with a
holistic view.
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Abstract: Flooding events can produce significant disturbances in underground transport systems
within urban areas and lead to economic and technical consequences, which can be worsened by
variations in the occurrence of climate extremes. Within the framework of the European project
RESCCUE (RESilience to cope with Climate Change in Urban arEas—a multi-sectorial approach
focusing on water), climate projections for the city of Barcelona manifest meaningful increases in
maximum rainfall intensities for the 2100 horizon. A better comprehension of these impacts and their
conditions is consequently needed. A hydrodynamic modelling process was carried out on Barcelona
Metro Line 3, as it was identified as vulnerable to pluvial flooding events. The Metro line and all
its components are simulated in the urban drainage models as a system of computational link and
nodes reproducing the main physical characteristics like slopes and cross-sections when embedded
in the current 1D/2D hydrodynamic model of Barcelona used in the project RESCCUE. This study
presents a risk analysis focused on ensuring transport service continuity in flood events. The results
reveal that two of the 26 stations on Metro Line 3 are exposed to a high risk of flooding in current
rainfall conditions, and 11 of the 26 stations on Metro Line 3 are exposed to a high risk of flooding in
future rainfall conditions for a 20-year return period event, which affects Metro service in terms of
increased risk. This research gives insights for stakeholders and policymakers to enhance urban flood
risk management, as a reasonable approach to tackle this issue for Metro systems worldwide. This
study provides a baseline for assessing potential flood outcomes in Metro systems and can be used to
evaluate adaptation measures’ effectiveness.

Keywords: flood risk assessment; climate change; 1D/2D hydrodynamic model; Metro system;
subway; urban mobility

1. Introduction

Current trends in the analysis of climate-driven events on urban societies, infrastructures, and
services have guided study towards the direct and indirect impacts of these events, resulting in
disruptions within the interdependent infrastructure systems. These studies draw our awareness to
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the importance of analyzing the impacts generated by extreme events, such as heavy rainfall, flooding,
storm surge, and other extreme natural phenomena which severely compromise city services. This
introduction presents the importance of assessing Metro systems’ flooding impacts, pointing to the
research gap on this topic and supporting the motivations leading this study.

Climate change represents a severe threat to cities and their resilience, which are complex systems
characterized by constant flow and are the result of a lot of dynamic variables that change in space and
time [1,2]. As discussed by Wan et al. [3], transportation resilience can be described as the capacity of
a transportation system to "absorb disturbances," sustaining its fundamental structure and purpose,
plus recovering to an expected service level following occurring disruptions. As an initial action for
a risk/resilience appraisal [4], a potential hazard for urban resilience is the occurrence of flooding
events which might impact the continuity of Metro services. Metro systems, as one strategic transport
service on urban areas, represent one key variable for assessing resilience in the context of physical
infrastructure used by citizens. Decreasing the risks that may affect the continuity of the Metro service,
therefore, will increase resilience at the municipal level [5]. Although there are a variety of words for
underground transport railway systems (e.g., subway, underground, or tube), this paper will use the
term "Metro systems" when referring to them.

Metro systems’ importance worldwide for cities’ operability is evident. According to 2018
figures [6], 178 cities in 56 countries have a Metro transportation system, with an average ridership of
168 million per day, and increasing annual use of 19.5%. Figure 1 presents the currently in-service
number of Metro systems in Europe. Between China, India, and Iran, Asia is building 16 new systems,
shaping the decarbonizing urban transport effort as a response to climate change [6].

Figure 1. Metro systems in operation in Europe by 2019 [6].

Following the accelerated growth of cities and their Metro systems, and the increasing growth
and complexity of Metro networks, the ability to study and improve the vulnerability of systems are
more complex, according to the heterogeneity of the different components of a large scale system,
such as a transport network [7]. The probability of disruptions should consider many factors, not
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only the number of affected Metro stations, but also the distance between them [8], along with several
other factors.

Considering hazards that Metro systems face worldwide, there is a notable lack of research on
water-related hazards [5], including those related to flooding events and their impact on Metro systems’
resilience [9]. In a context of climate change, flooding events can produce increasing significant
socioeconomic risks in urban areas. Worse still, urbanization heightens the likelihood of water disasters
such as floods because development decreases the amounts of permeable surfaces where water can
soak into the soil, thereby originating runoff that contributes to flooding. This situation poses a critical
risk to Metro systems, which can suffer from diverse types of flooding, such as riverine (fluvial) and
rain-related (pluvial) flooding, and tidal surges.

Climate change endangers the Barcelona Metro system when subjected to flooding events. Flood
events have caused property damage along with service disruptions, by the inundation of underground
infrastructures (e.g., Metro tunnels and facilities) [10,11]. Therefore, it is essential to evaluate flood
risks in Metro systems to plan for flood disasters and set mitigation strategies efficiently. Figure 2
illustrates how Metro flooding events affect both Metro systems’ infrastructure and users, exposing
them to collateral effects such as hard falls due to the loss of stability of passengers crossing through
water flow [12,13], material damage, and reduction of service provision due to damage caused to both
the users and the companies that administer the systems. These events have gradually increased in
recent years due to cities’ growth and climate change [14–16].

 
(a) 

 
(b) 

 
(c) 

(d) (e) (f) 

Figure 2. Flood events in major global Metro systems: (a) New York [17]; (b) Tokyo [18]; (c) Madrid [19];
(d) Prague [20]; (e) Washington [21]; (f) Brussels [22].

The main objective of this research is to analyze Metro stations’ vulnerability facing floods under
extreme rainfall events, then, exposing the system to climate change flooding influenced events. Other
research approaches focus on ensuring transport service continuity using other public transport modes,
responding to Metro system flooding events [23–26]. In order to address the cited research gaps, this
study proposes and analyzes interactions connecting pluvial flood events and the water level thresholds
inside Metro station tunnels that might result in service disruption, through a hydrodynamic model
including the Metro system. Barcelona Metro Line 3 is the line most vulnerable to flood events due to
extreme rainfall, according to TMB (Transports Metropolitans de Barcelona, Barcelona Metropolitan
Transport—the leading public transport operator in Barcelona) records. Hence, in this study, the Metro
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Line 3 is integrated into the 1D/2D hydrodynamic model developed for the entire drainage system of
the city of Barcelona within the European project RESCCUE (RESilience to cope with Climate Change
in Urban arEas—a multi-sectorial approach focusing on water) [27].

This study proposes a new methodology for a flood risk assessment in an underground
Metro system, based on a surface pluvial flooding 1D/2D hydrodynamic modelling and the Metro
infrastructure real data. The new flood model, derived from the integration of the infrastructure of
Line 3 of the Barcelona Metro with the city's current drainage model, was calibrated based on flood
observed from photos and visual inspection by TMB operators. The Metro elements through which
floodwater enters into the tunnels (i.e., staircases, ventilation grates, hallways) were simulated based
on their simplification, depicting the Metro entrances as pipelines addressing the Metro tunnels and
stations, as an approach that can be applied to other case studies.

As a vital component of the flood risk assessment, future scenarios using rainfall projections
under the climate change impact were applied. The model calibration aimed at reproducing observed
water levels in the studied Metro stations, water levels in various real events were adequately reflected
by the model. Also, it was possible to identify the likely effects of climate change on underground
flooding by analyzing the effects of future rainfall conditions. Finally, a risk assessment of the Metro
station was performed, adaptation strategies were proposed to reduce floods’ impact and to prevent
disruptions in Metro service, increasing the resilience of city transportation services.

2. Materials and Methods

This study incorporates Barcelona Metro Line 3 real data into the hydrodynamic 1D/2D model of
Barcelona considering the connections among possible water inflows and Metro tunnels and stations
and considering them as pipelines. To summarize the overall structure of the model, Figure 3 lists the
necessary steps performed for the proposed flood risk assessment.

Input data
Ridership flow

Metro physical 
infrastructure

Representation of 
the urban drainage 

of Barcelona

Hydrodynamic
1D/2D Urban 
Drainage model

Metro System Line 
3 information

Integration of the 
metro infrastructure 
in the hydrodynamic 

model
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under current 

and future 
rainfall 

conditions

Metro service 
disruption Risk 

Assessment

Water depth in 
Metro stations

Hydraulic 
simulation for 
past extreme 
precipitation 

events

Calibration 
and validation 

process

Figure 3. The overall model structure for flood risk assessment in Metro systems.

This chapter presents a list of the precipitation events in Barcelona that have caused disruptions
in the Metro service due to the entry of water into the system, considering both the sources and
methods of study, with the hydrodynamic model implementation, the Metro Line 3 data acquisition,
and components’ introduction processes to the model. Furthermore, this chapter describes the
model calibration and validation process, along with the flood risk assessment under the impact of
climate change.

2.1. Historical Data of Metro Systems’ Flood Events in Barcelona

Table 1 summarizes a two-decade historical data of Metro system flood events. Only those events
that caused service disruption have been considered. The table was obtained linking Barcelona Metro
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system records from system administrator TMB, with internet media. Service disruption information
is available for request to TMB, due to its confidential nature.

Table 1. Barcelona Metro service disruptions due to flooding events in the last 20 years.

Date
Average duration –

Cumulative Rainfall
Disruptions in Metro Stations – Line Affected

(L, Line Number)
Source

2002-10-10 1 h – 170 mm Via Júlia (L4) – Trinitat Nova (L4) – Rambla Just
Oliveras (L1) – Maria Cristina (L3) [28]

2004-09-14 1 h – 65 mm Cornellà Centre (L4) [29]

2009-10-22 1 h – 70 mm Sant Antoni (L2) – Paral·lel (L3) – Rambla Just
Oliveras (L1) – Trinitat Vella (L1) – Verdaguer (L5) [30]

2011-07-19 1.5 h – 80 mm Verdaguer (L4) – Bogatell (L4) [31]
2018-07-16 1 h – 40 mm Canyelles (L3) – Valldaura (L3) [32]

2018-09-16 2 h – 75 mm Poble Sec (L3) – Paral·lel (L3) – Espanya (L3) –
Drassanes (L3) – Liceu (L3) [33]

2018-10-09 1 h – 36 mm Espanya (L1) – Santa Eulàlia (L1) – Torrasa (L1) -
Paral·lel (L3) – Badal (L5) [34]

2018-11-15 2 h – 95 mm Poble Sec (L3) – Paral·lel (L3) – Espanya (L3) – Santa
Eulàlia (L1) – Liceu (L3) - Vallcarca (L3) [35]

2019-07-27 0.5 h – 43 mm Sagrada Familia (L2) – Espanya (L3) – Verdaguer (L5) [36,37]
2019-08-27 1 h – 50 mm Espanya (L3) – Collblanc (L5) [38]
2019-11-14 1 h – 53 mm Arc de Triomf (L1) – Paral·lel (L3) [39]

2019-12-04 5 h – 102 mm
Tetuan (L2) – Lesseps (L3) – Joanic (L4) – Urgell (L1) –
Espanya (L3, L1) – Arc de Triomf (L1) – Sants (L5) –

Sant Roc (L2)
[40]

Table 1 suggests Barcelona Metro flooding events frequency has increased over the last two years,
indicating that these events could maintain or increase their frequency or intensity, due to climate
change influence on rainfall variations [16]. Barcelona rainfall events frequency and intensity increases,
doubling frequency downpours and peak rainfall rates up to 20% higher [41], rainfall intensities rise
due to climate change impacts [42].

2.2. Overview of the Hydrodynamic Model

A 1D/2D urban drainage model of the whole municipality of Barcelona was developed, calibrated,
and validated using the hydraulic modelling software Innovyze InfoWorks ICM®and local observation
data from different rain events. This model is an update of the model used for the Drainage Master
Plan of Barcelona of 2006.

A rainfall-runoff model was used to compute the runoff from buildings that were assumed to
directly drain into the 1D hydraulic model representing the drainage network. The 2D model was
used to reproduce overland flow on streets, parks, and further areas located at terrain elevation that
can be flooded. The 1D and the 2D models continuously interact with each other through model nodes
that physically represent surface inlets (like gullies or maintenance holes) to the drainage system.
At these nodes, the exchange of water between the 1D and the 2D model was computed using different
modelling options available in InfoWorks (nodes can be defined as Inlets 2D, 2D, Gullies 2D) that
compute water flows as a function of local water levels and inlet geometries.

A peculiarity of this 1D/2D model is that part of the rainfall is directly applied to the streets
and parks represented by the 2D overland flow model, and part to the rainfall-runoff model used
for buildings, roofs, and elevated areas. Conventional urban drainage modelling approach generally
applies rainfall directly to rainfall-runoffmodels that compute runoff diverting it into the 1D hydraulic
model, and flooding can only occur through a maintenance hole surcharge. In Barcelona, it is believed
that urban floods are partly caused by deficient surface drainage capacity due to, for instance, a reduced
number of street gullies.
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This model includes approximately 2164 km of pipes, 67,967 pipes, 66,158 nodes, 18 detention
tanks with a total volume of approximately 461,600 m3, 489 weirs, 22 pumps, 47 sluice gates, and 120
outfalls. The full 1D Saint-Venant equations are used to solve the sewer flow. Rainfall-runoff processes
were simulated using a single non-linear reservoir model with routing coefficients that are a function
of surface roughness, surface area, ground slope, and catchment width. Initial hydrological losses were
simulated to be approximately 1 mm (a little higher in pervious areas and lower in impervious ones).

Continuous losses were only applied to pervious areas and were simulated using the Horton
model. The 2D model has an unstructured mesh with 662,071 cells created from a Digital Terrain
Model (DTM) with a resolution of 2x2 m2 obtained by a special combination of a 3-D scanning and
laser scanning (LIDAR) provided by the Cartographic and Geological Institute of Catalonia (with an
accuracy of 0.15 m for altitudes). The 2D cells have areas in the range of 5–125 m2 in the urban area
and 100–10,000 m2 in the upstream rural areas.

The 1D/2D model was quantitatively and qualitatively calibrated and validated using data from
four different historical rain events. In Barcelona, approximately 25 rainfall gauges and more than 100
water level sensors and flood event videos and photos are available. Calibration and validation details
can be found in deliverable 2.2 of the EU RESCCUE project [27].

2.3. Description of how the Metro Service is Affected by Flooding

Depending on the type of tunnel, existing floor, sleeper type, and other variables unique to each
Metro system in the world, the characteristics of the infrastructure that perform primary flood control
in Barcelona Metro service tunnels are summarized as follows.

The dimensions presented in Figure 4 are estimated, since they may vary depending on the sort of
tunnel, among other factors, and should be taken as a theoretical reference. Therefore, depending on
the existing drainage in each case, it will be more or less rapid for the water to reach the base of the rail.

 
Figure 4. Approximate scheme of the Barcelona Metro's railway infrastructure.

One of the essential parts of the train movement is railway signaling, which always allows safe
movement by regulating the speed and location of trains. The basis of the railway signaling is based on
the track circuits, whose theoretical schematic configuration is shown in Figure 5 (it does not precisely
represent the reality for the whole Line 3 of the Barcelona Metro), where the track is electrically isolated
in sections of a certain length. In the case of Metro Line 3, the track circuits are about 25 and 35
meters long.

The railway signaling equipment is qualified to work under wet conditions; therefore, the circuit
could work in case of flooding. Depending on the amount of water in the surrounding area and its
conductivity, it may not complete the circuit, then diverting the electric current between the power
supply and the receptor, producing the receptor is not over-excited by the electric current and the block
is assumed occupied. It is not conceivable to set only a water level which produces the false occupation
phenomenon. However, it could be established as an inaccurate reference level when the water level
reaches half of the railway rail (0.08 m from the rail bed), we could have an occasional false occupation.
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Figure 5. Occupied block—track circuit scheme. Modified from [43].

In the case of having a higher water level, in many cases, there would be false occupation, and
therefore no Metro service would be provided. Due to these circumstances, this study takes a level
of 0.15 m as an approximate reference level in which, in any road configuration, it is inevitable that
because of a flooding event, false occupation is produced. It must be considered that even if we
could find a situation where the water reaches the height of the head of the rail, there would be no
false occupation, due to there being no short circuit of the electrical circuit. At this point, it would
be necessary to analyze whether it is mechanically viable for trains to transit, given the possibility of
slippage in the wheel-rail contact and the impossibility of visualizing the rail with the danger that this
entails. Furthermore, concerning the ATP (automatic train protection) system, the closer the water gets
to the head of the rail, the easier it is for the train's ATP antennas not to be able to obtain correct track
circuit information, causing the train to brake for lack of obtaining the ATP code. When the water
covers the whole head of the rail, accurate ATP interpretation is not possible.

2.4. Integration of the Metro Infrastructure in the Hydrodynamic Model

Water presence in the tunnel and the stations of a Metro system affects the continuity of the service.
Thus, this study represents Metro network components into the hydrodynamic model through the
creation of hydraulic geometry elements, comparable to real infrastructure components, evaluating a
conceivable water entry event into the system, through hydrodynamic modelling. Principal floodwater
access to the Metro system during extreme precipitation events are the ventilation grates and stations’
entrances, according to TMB and visual inspections carried out by TMB personnel during extreme
rainfall events.

The data required to calculate the flow intercepted at the ventilation grates depends on the
modelled inlet type. InfoWorks ICM®offers various methods to estimate captured flow by inlets, two
of them based on the Federal Highway Administration (FHWA) Urban Drainage Design Manual,
Hydraulic Engineering Circular No. 22 (HEC-22) [44]. This study applies another method, an alternative
to the HEC-22 continuous grate inlet based on the equations from work carried out by Gomez et al. [45]
at the Technical University of Catalonia (UPC), implemented in the InfoWorks®ICM software package.

Three-dimensional numerical modelling experimental campaigns [46,47] executed at UPC
characterizes Barcelona drainage grates’ hydrodynamic behavior [45,48,49], including physical
obstruction conditions determining hydrodynamic efficiency decrease on partially clogged grated
inlets [50]. The ventilation grates as a water inlet use this previous research outcome since the
model integrates hydrodynamic equations representing urban drainage grates, comparable to
ventilation grates.
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Metro tunnels’ representation in the hydrodynamic model introduces pipes with identical
dimensions and geometry to the real infrastructure, considering tunnels’ cross-section and elevation
data as Figure 6 shows. Metro network elements’ depiction in the hydrodynamic model process
disregards entrance to service tunnel variability, which simplifies the flood impact analysis on the
stations' platform and tunnels.

 

 

(a) 

 
 

 

(b) 

Figure 6. (a) Image (up) and essential features (down) of a typical surface grate for ventilation purposes
in the Barcelona Metro system; (b) Catalunya Metro station cross-section drawing (up); tunnel depiction
shape in ICM®software (down).

Reaching a proper representation of Metro entrances requires gathering information such as
longitude, altitude, stairs slope, and the elevation difference with the tunnel service, to set the pipe
connecting them. An evaluation and calibration process for different inlet types concludes, in this
case, that the continuous curb-opening inlet typology provides a better representation of Metro station
entrances’ hydrodynamic behavior.

2.5. Calibration and Validation Process

The calibration process consists of adapting model parameters to achieve correspondence among
simulated flood behavior and recorded or observed flooding. The calibration parameters are listed in
Table 2. This process trains the model concerning selected hydraulic conditions that are compared
with the observed data. Specifically, the computed water levels in both the surroundings of the Metro
stations’ access and the tunnels were validated in this study.

TMB selects the pluvial flooding event dated 2018-09-06 as a flood event suitable for calibration
purposes in two stations of Line 3 (Paral·lel and Drassanes). Throughout this precipitation, the water
depth in the Metro tunnels of these two stations induced a service disruption, the presence of water
already generates the false occupation phenomenon. Metro operators can remark on how risky it is
to have a station open to possible water flows. However, it is the false occupation that disrupts the
service. With a variable water depth in the tunnel service, although the train can pass through the
station it cannot stop to pick up or drop off passengers, as it is technically incapable of stopping.
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Table 2. Selected calibration parameters of the hydrodynamic model, including calibrated values.

Model Element Calibration Parameter Range (min–max) Calibrated Value

Pipes—mains are
connecting from water

entries to tunnels,
tunnels representation.

Pipe roughness—Metro
accesses and ventilation

grates
0.01–0.2 (Manning's

roughness coefficient
s/m1/3)

0.01

Pipe roughness—Metro
tunnels 0.02

Mesh for the 1D/2D
coupled model

Maximum triangle area 100–10,000 m2 10,000 m2

Minimum element area 5–125 m2 125 m2

A calibration method employing a large data sample is not feasible in this model, due to the
water level measurements shortage inside tunnels, hence this study tests to check its performance
in real-world applications after calibration and before practice utilization, as the validation phase.
Validation process applies another recorded surface flood event to ensure that the model acceptably
reproduces recorded results, in this case, the pluvial flooding event dated 2018-08-17. This surface
flooding event affected potential water entry points to the Metro system, but regular Metro service
continued. The water level was not enough for the TMB operators to set the service interruption,
nor was the water accumulated in the tunnels ample for the Metro system's self-protection system to
produce a disruption in service.

2.6. Flood Risk Assessment under the Impact of Climate Change

One of the most used approaches in assessing the vulnerability of underground mass transport
systems is the identification of the effects of service disruptions [9], giving a primary role to the
ridership flow at Metro stations. Some authors have mainly been interested in questions concerning
risk assessment for Metro stations [51,52] in a holistic manner. Metro system flooding events can lead
to risk conditions involving both ridership and infrastructure, for instance, its impact on passengers'
stability and safety [12,53]. Other authors focus their research on the optimization of evacuation
processes during flood events in underground infrastructure [54–58]. However, this study defines
risk according to the interruption of the Metro service, as a result of rainwater flooding on the urban
transport system.

The concept of risk used in this research encompasses the combination of hazard and vulnerability.
Hazard is characterized by flooding water depths (as the intensity of the hazard) along the Metro tunnel
related to design storms of different return periods (probability of flooding events). Vulnerability
criterion focuses on the ridership number affected by service interruptions. Therefore, the flood
risk assessment process for Metro stations involves a hazard assessment, following the vulnerability
assessment, and the procedure to obtain the risk data and maps for Barcelona Metro Line 3, as Figure 7
illustrates. For the hazard assessment, one, five, 10, and 20 years return period design storms are
employed as inputs for Barcelona hydrodynamic 1D/2D coupled model for this study.

These design storms were selected following the recommendations of the municipal operator of the
city drainage system (Barcelona Cicle de l'Aigua, SA—BCASA). The principal criteria for establishing
this hazard estimation is to ensure continuity of Metro services, as the primary concern of the Metro
administrator. One of the operational thresholds which defines Metro service operation is the water
depth within the Metro tunnels. Considering a flood event, after the water depth reaches 0.15 m inside
Metro station tunnels, Depending on the state of the railway road track in front of the train, if there
is false occupation due to water, the train would not reach that circuit because it would stop before
arriving, impacting the entire line service. Through operational experience and based on technical
assumptions with support from TMB, the hazard ranges are defined as follows: water depths between
0 and 0.15 m are defined as low, between 0.15 and 0.30 m as medium, and depths greater than 0.30 m
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are high. These values are variable in a real operation scheme and depend on the track circuit, so they
are only taken as a reference.

 
Figure 7. Risk concept definition and datasets required in each stage.

For the vulnerability assessment, registered Line 3 station user entrance data, for every hour in
the months November and December 2019, reflect the ridership flow, defining peak hours (18:00–19:00)
and off-peak hours (12:00–13:00). Vulnerability assessment development uses ridership flows as inputs.
It applies the Jenks natural breaks algorithm as a standard method for dividing a dataset into three
homogenous classes; low, medium, or high. The hazard and vulnerability limits proposal and matrices
are summarized in Table 3. Methods for risk assessment can be qualitative or quantitative, both having
limitations [59]. To defining risk as to the probability or threat to a hazard occurring in a vulnerable
area, flood risk was assessed through a risk map related to a determined scenario and return period
by combining hazard and vulnerability maps. Metro stations and ridership are affected by floods in
Barcelona, and their assessment defines hazard, vulnerability, and risk levels by significance levels
such as "high," "medium," and "low," evaluating the resultant risk level against qualitative criteria.

Table 3. Hazard and vulnerability criteria for Metro stations service exposed to flooding.

Index / Score
Hazard, Depending On
Flood Return Periods

(Water Depth)

Vulnerability for
Off-Peak Hours

(Ridership Flow)

Vulnerability for Peak
Hours (Ridership Flow)

1 (low) 0–0.15 m 116–578 users/h 96–591 users/h
2 (medium) 0.15–0.30 m 578–1075 users/h 591–1244 users/h

3 (high) > 0.30 m 1075–1516 users/h 1244–2701 users/h

Hazard range assignment relates to Metro trains’ capacity to operate under tunnel flooding
conditions, considering the maximum water levels for the inundation events and the consequent
service disruption. For the low hazard level defined by floodwater levels between 0 m and 0.15 m,
service continuity disruption starts, and the Metro operation is subject to substantial supervision until
the water level reaches 0.1 m when the service might be disrupted. At the medium hazard level, service
disruption is likely because trains can no longer stop, affecting service availability on affected stations.
High hazard level corresponds to floodwater level exceeding 0.3 m, under this water depth condition,
the rail is likely covered by water, thus services are disrupted and trains cannot ride.

The creation of risk and vulnerability maps implies multiplying the vulnerability index (1, 2, or 3,
corresponding to the low, medium, and high vulnerability) by the risk index (1, 2, or 3, corresponding
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to the low, medium and high). The total risk ranges from 1 to 9, where higher levels indicate a higher
risk. This approach is compiled in the risk matrix shown in Table 4.

Table 4. The risk matrix for Metro stations and ridership.

Hazard

Vulnerability Low Medium High

Low Low Low Medium
Medium Low Medium High

High Medium High High

The entry of water into the subway system due to surface flooding is since the flood levels are
higher than the elevation of the Metro infrastructure, which allows access to water, e.g., ground
ventilation grates and user entrances to the system. This study identifies these water entry accesses
according to different rainfall conditions. It suggests some non-structural and structural measures [5],
combining both as a successful strategy facing the increased risk of flooding, according to Barcelona
Metro system-specific factors.

3. A Case Study for the Barcelona Metro System

The purpose of this chapter is to present the physical characteristics of the study area, including
a comprehensive summary of the Metro system, the hydrological conditions over the study area,
a comprehensive summary of the rainfall data, and the boundary conditions applied in the integrated
hydrodynamic 1D/2D model.

3.1. Characteristics of the Study Area

Barcelona has a Mediterranean climate, with gentle winters and mild summers. Barcelona soil
cover experienced massive urbanization through the last century. Nowadays, the city land-use is
about 80% of impervious areas and 20% of pervious areas. This morphology causes a brief time
of concentration in catchment areas. As a result, medium and heavy storm events produce quick
stormwater storage in flatland areas, provoking urban flash floods.

3.2. Underground Infrastructure Network: Metro System

Based on TMB confidentiality policies, this research does not offer Metro system details such as
ventilation grates, accesses, tunnel dimensions, incoming water volumes, and ridership flows. The
system runs by one operator (TMB) whose fare integrates into the unified six-zone system created by
the Metropolitan Transport Authority. This research has TMB support, manager of the Metro system as
a benchmark public mobility company in Europe and the world. With 13 lines, consisting of ten Metro
lines, a cable car, a tram and a funicular, with a length of 121.4 km for the entire network, and 160
stations, the Metro network is the second largest conventional Metro network in Spain after Madrid,
and since December 2009, the first with automated lines.

In 2019, 411.95 million passengers used the Barcelona Metro network managed by TMB. Barcelona
Metro Line 3 links Zona Universitària and Trinitat Nova stations along a 17.8-kilometre double-track
stretch with 26 stations underground. Line 3 at the peak hour averages 26 trains with 95 million
passengers being second in terms of ridership volume, reaches a commercial speed of 26.5 km/h, and
uses a rigid catenary system for the power supply and standard track width [60]. Figure 8 reveals
flooding events’ marked concentration on one specific area of Metro stations, which coincides with
the most frequent surface pluvial floods area; during rainfall events, stormwater flow exceeds sewer
pipe capacity.
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(a) 

(b) 

Figure 8. (a) Location of the stations on Line 3 of the Barcelona Metro system; (b) Barcelona Metro
stations affected by flooding in the last 20 years, the lines to which they belong, and the number of
service interruptions due to flooding at stations. The size of the nodes for every affected Metro station
is proportional to the number of disruptions and related to the geometric element.
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3.3. Data Acquisition

As part of the research, a precise record of Barcelona Metro Line 3’s possible water accesses was
obtained based on TMB provided data. Historical flood events confirm surface runoff reaches the
Metro system by specific accesses and ventilation grates, set by visual reports authored by newspapers,
also registered and validated by TMB staff. Metro Line 3 elements’ representation as part of the coupled
1D/2D Barcelona drainage network model considers water flow through Metro station entrances, lifts,
and ventilation grates, as Figure 8 shows. This inclusion allows improving model outcomes, as flow
dynamics description between surface flow and urban drainage improves [61]. Figure 9 indicates the
spatial location of the possible water entry points to Line 3 of the Metro system.

 

(a) 

 

  

 
(b) 

Figure 9. (a) Integrated Metro elements into the hydrodynamic model, such as possible water entry
points for Barcelona Metro Line 3; (b) schematic representation of the Metro station accesses analyzed
in the study.

3.4. Rainfall Data and Boundary Conditions

The 1D/2D hydrodynamic model boundary conditions consisted of the result of the rainfall-runoff
model (storm water management model based on the non-linear reservoir was chosen among the
options provided by InfoWorks ICM®) applying the rain gauge data and the observed water depth in
the Metro tunnels downstream. The upstream boundary conditions applied in the calibration and
validation phase are two historical rainfall events with surface flooding over Barcelona.

3.4.1. General Rainfall Conditions in Barcelona

The annual average rainfall is 460 mm. The Mediterranean rainfall pattern shows short-duration
high-intensity events and spatial high-variability; 50% of the annual precipitation happens throughout
variable rainfall events [62]. These events, in combination with city morphological characteristics and
impervious areas, produce high flows in the sewer system. All these factors increase urban flood risk in
city flatland areas. Barcelona has rainfall data since 1927 from Fabra Observatory; this long-time data
series allowed the creation of the intensity duration frequency (IDF) curves for the city. Figure 10 shows
new IDF curves based on 81 years data series (1927–1992 and 1995–2009) for some return periods [42].
Intensity values from these IDF curves are currently employed in local sewer network studies.

149



Sustainability 2020, 12, 5291

0
50

100
150
200
250
300

0 10 20 30 40 50 60 70 80 90 100 110 120

Ra
in

fa
ll 

in
te

ns
ity

 (m
m

/h
)

Rainfall duration (min)
T=50 years T=10 years T=5 years
T=1 years 2018-08-17 2018-09-06

Figure 10. Intensity duration frequency (IDF) curves relating return periods (in years) with durations
(in minutes) for Barcelona [63]. Points with information of two real precipitation events (2018-09-06,
2018-08-17), to compare them with the IDF curves.

3.4.2. Calibration and Validation Data

Two recent rainfall events induced surface flooding in Barcelona. One of these events (2018-09-06)
caused Metro service disruptions in five stations. Ergo, this study uses this flooding event to calibrate
the hydrodynamic model considering a water level of 0.15 m, for which service availability is likely to
be affected by flooding in Metro service tunnels. Figure 11 shows calibration, and validation rainfall
events’ hydrological features, including rain gauges’ covered area, Thiessen polygon distribution, and
cumulative rainfall depth.

  

(a) (b) 

Figure 11. Study area map indicating rain gauges used for rainfall data acquisition process, and the
cumulative rainfall (mm) for every flooding event. Red dots reveal possible water entry points to Metro
Line 3. Blue lines show the Thiessen polygon division for each gauge region (25). (a) Flooding event
for calibration 2018-09-06; (b) flooding event for validation 2018-09-06.
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The other flooding event (2018-08-17) produced surface flooding; nevertheless, this event did
not affect Line 3 Metro stations. On this basis, this research considers this event valid for validation
purposes, understanding the process to validate the surface 2D overland flow in the vicinity of the
Metro station. For this event, the model registers surface flooding, but it does not indicate floods inside
the station.

3.4.3. Design Storms

Climatic variables’ projections unto 2100 are forecasting within project RESCCUE. This study
embraces these rainfall projections to create design storms (using alternating blocks method, according
to recommendations produced near the study area [64]). After running the hydrodynamic model for
the future expected conditions, including climate change influence, hence obtaining the pluvial floods
to assess expected future impacts.

Extreme events analysis is considering return periods of one, five, 10, and 20 years as possible
adaptation frameworks. The same rain intensity is distributed over the whole area for these synthetic
events, with the rain gauges used for rainfall data acquisition process, and the cumulative rainfall
(mm) for an event. These synthetic rains are conceived with a five-minute temporal resolution to
reach a high-level accuracy, duration up to 2 h 30 min, and a maximum rainfall intensity as Figure 12
illustrates for each one of the return periods.
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Figure 12. Synthetic rainfall events characteristics. Five-minute rainfall intensity hyetographs for
events under current rainfall conditions: (a) A 1-in-1 year event; (b) a 1-in-5 year event; (c) a 1-in-10
year event; (d) a 1-in-20 year event. Five-minute rainfall intensity hyetographs for events under future
rainfall conditions: (e) A 1-in-1 year event; (f) a 1-in-5 year event; (g) a 1-in-10 year event; (h) a 1-in-20
year event.
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4. Results

Section four highlights the research findings, focusing on the three key themes: The calibration and
validation results obtained through hydrodynamic modelling of two historical flood events, from which
there are real data to carry out the required corroboration; and the outcomes of the simulations under
current and future rainfall conditions. This section outlines the modelling process results achieved
via the application of the proposed methodology, their interpretation as well as the conclusions that
can be drawn for three points: The calibration and validation phase. Besides, it shows the hydraulic
modelling outputs from the application of the synthetic rainfall conditions driven by the impact of
climate change into the drainage model.

With the results of the projected water depth for the conditions of the historical event used for
the calibration of the model and the projected water depth for future flooding events, one of the two
fundamental criteria is obtained. Along with the ridership flow to obtain the hazard and vulnerability
assessment, the flood risk assessment results for Line 3 Metro stations are obtained, following the
methodology introduced in Section 3.

4.1. Calibration and Validation Processes

The first set of analyses examined the real events’ pluvial flooding impact; one of them (2018-09-06)
caused both surface flooding, along with two stations flooding on Metro Line 3, as indicated in
Figure 13. The other flood event (2018-08-07) was merely superficial, comparable to the first event, but
it did not generate flooding on Metro stations.
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Figure 13. Calibration process summary output, for flooding event 2018-09-06: (a) Water depth
modelling outcome in access 323_1 that serves the Paral·lel Metro station; (b) photograph of the flood
event in the Metro access surroundings, corroborating the water depth obtained in the modelling;
(c) water depth modelling outcome in Paral·lel Metro station tunnel; (d) photograph of the flood event
in the Paral·lel Metro tunnel, corroborating the water depth obtained in the modelling.
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This real-life hydraulic behavior replication in the hydrodynamic modelling output is successful
in obtaining similar water depths at the surface level, through the calibration process applying this
model for the Barcelona master drainage plan and the executed process for this study. Moreover,
for the first event, the model identified water entries to Line 3 surrounding Paral·lel and Drassanes
Metro stations areas, including water in their tunnels, as can be seen from the table (below). Then,
water depth results in the 2D hydraulic element surrounding the ventilation grates and Metro stations’
accesses are summarized, in addition to the water level in the cited Metro stations, are consistent with
the flood event records.

4.2. Simulations under Current and Future Rainfall Conditions

Table 5 presents the hydrodynamic modelling process results for various return periods, which
includes the Line 3 infrastructure points number where water accesses are identified, the maximum
water depth in the 2D element surrounding water access points, and the maximum water depth
projected in Metro stations’ tunnels, for scenarios with climate change influence or without it. In the
same way, it details the variation among every return period and the scenarios involving climate
change impact, identifying such impact directly. Three things are evident from the changes among the
results with the climate change influence and those not considering such influence. Firstly, rainfall
intensities and water flow increment due to the climate change impact will impact Metro infrastructure,
suggesting that the Metro system should develop adaptation measures against climate change effects.
Secondly, the magnitude of the maximum water depth estimation varies between the differing return
periods, with the climate change projections yielding a more significant water depth than estimated
via non-influenced projections. Finally, the maximum water depth in Metro station tunnels increases
between the different approaches; this is particularly evident when comparing T20 and T20 CC, which
show a 54% increase estimation for the projected water depths.

Table 5. Outcome summary for hydrodynamic simulations performed under current and future
rainfall conditions.

2018-09-06 T01
T01
CC

Δ T05
T05
CC

Δ T10
T10
CC

Δ T20
T20
CC

Δ

Water entry points 17 10 11 +1 12 13 +1 14 21 +7 17 25 47
Maximum water

depth in the
surroundings of the

entry points (m)

0.29 0.03 0.04 +0.01 0.26 0.30 +0.04 0.31 0.32 +0.01 0.34 0.38 12

Maximum water
depth in Metro

station tunnels (m)
0.28 0 0 0 0.30 0.33 +0.03 0.45 0.46 +0.01 0.78 1.20 54

The results suggest that the magnitude of change is dependent upon the rainfall intensity for
every outcome category. For example, the water depth changes appear most substantial for the T20
CC generated scenario, with the water depth estimates being shifted further than with the other
approaches, without the climate change influence. However, the varying water depth associated with
each return period is also highlighted, with the results differing between each return period.

4.3. Risk Assessment

Applying the outlined methodologies, Figures 14 and 15 describe the comparison of the risk
assessment outcomes among the real event (2018-09-06) and the 1-in-20 years return period flooding
event with climate change impact, as the most critical scenario analyzed. Differences between the
projections provided by each flooding scenario and applying a peak ridership flow pattern are
highlighted by the risk assessment presented in Figure 16 as a summary, detailing the risk obtained
for Barcelona Metro Line 3 stations facing flooding events. The findings presented here highlight the
considerable influence of the water depth in the water entry points’ surrounding areas when assessing
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the climate change impact upon flood risk. Although all the flood events used here do not result in
quite different pictures of future flood risk on the Metro accesses or ventilation grates, there are some
significant differences in terms of the risk magnitude.
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Figure 14. Metro stations risk assessment map for real event pluvial flooding scenario (2018-09-06): (a)
Hazard map considering real flooding event; (b) vulnerability map applying off-peak ridership flow;
(c) risk map with flooding water depth.
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Figure 15. Metro stations risk assessment map for synthetic event scenario with climate change
influence (a 20 year return period event—"T20 CC"): (a) Hazard map considering future flooding
conditions with climate change influence; (b) vulnerability map applying peak ridership flow; (c) risk
map with flooding water depth; (d) Barcelona Metro Line 3 longitudinal profile scheme, with the
location of the Metro stations located at the highest and lowest points of the network.
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Figure 16. Risk assessment outcome for flood events on Barcelona Metro Line 3 stations, arranged by
return period (T, in years) and climate change (CC) influence on the projected flood event. The green
color means a low risk, the yellow color symbolizes medium risk, and the red color denotes a high risk.

The small difference between the maximum water depth affecting the water entry points, comparing
T05 CC and T20 CC scenarios (0.08 m), produces significant differences for the risk assessment results.
As Figure 15 illustrates, with a significant risk for 14 stations in T05 CC scenario and increasing to
20 stations having a significant risk in T20 CC scenario. It therefore seems necessary to incorporate a
range of approaches in adaptation measures that are focused on coping with this increment in water
depth. The majority of Metro Line 3 stations are highly susceptible to floods. Considering all risk
scenarios, the maximum water depth in the surroundings of the water entry points, such as ventilation
grates and Metro stations access, is not larger than 0.38 m.

5. Discussion

This chapter draws together and discusses the key findings, analyzing the results obtained in the
study, and indicates how adaptation measures can be applied, according to local conditions. To the
best of our knowledge, this is the first study to have quantified the flooding risk to underground
Metro stations for water intrusion hazard due to rainfall events, obtaining water depths estimation for
projected extreme rainfall events. The approach used in this study differs substantially from other
approaches studied previously [5]. In particular, although it uses geographic information systems
(GIS) as the basis for collecting and organizing information from the Barcelona Metro system, the use
of GIS is a secondary component which does not form part of the analysis in this study, contrasting
other studies in the field [25].

This study considered only the water depth in the Metro station tunnels, obtained from
hydrodynamic modelling, as a variable to characterize the hazard. Although the hazard due to
flow velocity can be taken into account since there is sufficient information to carry out such an
analysis from the hydrodynamic model, the objective of the analysis carried out in this research is
the interruption of the Metro service. Therefore, the flow velocity is not a relevant parameter for this
analysis, as it would be if this study were focused on passenger safety.

A hydrodynamic modelling software, combined with innovative analysis on how Metro systems
can be represented into a drainage system, and assumptions about the fragility of transport infrastructure
derived from pluvial flooding events have been used to assess flood risk in a Barcelona Metro line.
The study demonstrates the potential for conducting transport infrastructure risk analysis through
hydrodynamic modelling and a depiction of the real physical conditions for representing Metro systems.
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One of the main conditions of this study was to define a simplification of Metro system water accesses,
such as ventilation grates, depicted as drainage grates adapted to each grate condition; the stations'
access, neglecting the complexity inherent to each station, such as hallways, stairs, and additional
architectural components before entering the station tunnel. All these elements were considered as
pipes until arriving at the main tunnel; this enabled the Metro network to be integrated into the
complex hydrodynamic model.

We have found that improving some ventilation grates and Metro access designs, by increasing
their minimum height to 0.35 m, could yield a potential decrease in flooding events for Metro Line
3 tunnels and stations. Of course, care should be taken with the interpretation of these results, as
local conditions for each of the ventilation grates and accesses must be considered in detail. This
simplification could affect water transport times from water entry points to tunnels.

Service disruptions due to flooding events are not only by water depth increase in Metro tunnels,
but also by impacts on ridership stability inside stations, corridors, and hallways. Flooding events
can also affect the electrical equipment and increase maintenance costs, as Figure 2 illustrates. Service
disruption does not occur mainly because of the water level itself but because of the misleading
interaction between water and the Metro blocks-based electrical system. The higher the water depth,
the more likely a block can be misleadingly occupied, and thus the service disrupted.

The outcomes of this study display that by accounting for increased possible water entry sources,
water depth range forecasts in Metro tunnels widen. It is reasonable to assert that the principal source
of flooding is a local level phenomenon of water entry. However, differences in topographic altitude
also influenced flooding cases in the Metro tunnels for our case study. The locations of water entry
points to the Metro identified in the real flood event (2018-09-06) are near the two most affected stations,
Paral·lel and Drassanes. Nevertheless, flood events with projected high-rainfall intensities also affect
high sub-basin areas in our case. These outcomes suggest an association between water entry from the
upper sub-basin and the increased water entry risk for upper and lower Metro stations. It is therefore
likely that such connections exist between a water transport phenomenon into the system tunnels and
the increased water depth in Paral·lel and Trinitat Nova Metro stations.

Flooding events also impact the system's vulnerability, as the presence of water in the Metro
tunnels affects the continuity of the service, also impacting the passengers' flow. By preventing
passengers’ access to the stations due to an extreme precipitation event and the consequent flooding
that this causes, the vulnerability decreases because the flow of passengers entering the system also
decreases. By preventing water from entering the Metro system, both the flooding hazard and the
vulnerability expressed in the flow of ridership decrease. Nevertheless, such vulnerability is never
zero, and in fact, it is high, since the disruption of the service also impacts passengers who are already
on the trains, inhibiting their adequate transportation.

Our findings draw attention to the importance of considering that the low level of some ventilation
grates and Metro stations’ accesses may increase probabilities for water entering in flood events,
as Figure 17 illustrates.

Moreover, the significant water depths in upper-located stations such as Vall d'Hebron associated
with high-return periods under observed conditions may further question rainfall events’ role in
impacting water intrusion to the Metro system. Addressing the spatial and temporal full range
uncertainty related to future rainfall events poses a significant challenge, therefore, we believe that
having a homogeneous rainfall distribution over the city is adequate to cope with most possible climate
change situations to come.

Concerning the research methods, some limitations need to be acknowledged. The interaction at
the hydraulic level between the 1D and 2D model is not fully understood, for example, during the
transformation of the surface flood water level to the entry points of the Metro system. Due to the lack
of modelling elements that competently render physical structures that are not common in hydraulic
systems. A possible source of bias for the study is the influence that unexamined physical details of
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stairs, access corridors, and vents, as water access points to the Metro, could have physical details
beyond the roughness, sizes, and lengths that were considered.

 

(a) 

 

(b) 

Figure 17. The visual contrast among a Paral·lel station entrance facing a flood event, and its regular
service; (a) flooding event 2009-10-22; (b) current situation.

This study emphasizes that this risk assessment combines water level projections with present
ridership flows and traveler density. Outcomes should hence not be used as projected impacts. Instead,
they ponder the current risk, which we define as a threat indicator for Metro system sustainability in
the future. Future research should consider and integrate all the major possible flood hazard modes
for Metro systems, such as the influence of groundwater infiltrations. A full climate risk assessment is
required for the Metro system. It must have a high priority within a comprehensive, Barcelona-wide
climate risk assessment and adaptation effort, involving all governmental agencies.

6. Conclusions

This study presents a novel integrated model to simulate flooding in the underground Metro
system of Barcelona. This model assumes that the Metro flooding only occurs from surface flooding
that can drain into the underground Metro infrastructure through Metro staircases, ventilation grids,
and elevators. The new model integrates a conventional 1D/2D urban flood model with a Metro model
that is simulated as a system of pipes and links just as if it was a drainage network. The integrated
model can simulate the spatial and temporal variability of Metro flood water depth and velocity.
Simulated maximum flood depth is used as input for the flood risk assessment presented.

This research analyzes the current flooding of the Barcelona Metro Line 3 infrastructure, considering
the climate change influence on future rainfall intensities, for flood risk assessment. This research
proposed a framework for flood simulation of underground Metro systems, showing that Metro
infrastructure can be simulated as a "drainage system" for risk assessment purposes of Metro systems.
Notwithstanding the relatively limited data sample analyzing one of 12 Metro lines, this work offers
valuable insights into developing targeted interventions aimed at reducing Metro service disruptions
frequency and impact. This piece of research includes strategies to enhance flood risk management
as a reasonable approach to tackle this issue, not only for Barcelona Metro but for Metro systems
worldwide. This study provides a baseline for assessing potential flood outcomes in Metro systems,
notwithstanding, any proposed adaptations are not studied in detail. However, the model can be used
to evaluate adaptation measures’ effectiveness. To estimate the adaptation costs under various climate
change and socioeconomic development situations, compatible adaptation measures with the urban
planning recommended by the Barcelona City Council are necessary.

One might thus conclude that decreasing Metro service flood hazard by heightening this
infrastructure is further up the list of priorities, after ensuring pedestrian mobility at the ground level
and easy access to Metro stations. Still, there are significant benefits from improving the flood hazard
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of flooding-exposed Metro infrastructure performing some adaptation measures, either increasing
accesses’ heights or achieving other structural measures such as hydraulic barriers by demand.
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Abstract: The effects of climate dynamics on urban areas involve the aggravation of existing conditions
and the potential for emergence of new hazards or risk factors. Floods are recognized as a leading
source of consequences to society, including disruption of critical functions in urban areas, and to the
environment. Consideration of the interplay between services providers ensuring urban functions is
essential to deal with climate dynamics and associated risks. Assessment of resilience to multiple
hazards requires integrated and multi-sectoral approaches embracing each strategic urban sector
and interactions between them. A common limitation resides in the limited data and tools available
for undertaking these complex assessments. The paper proposes a methodology to undertake the
spatial characterization of the flood related hazards and exposure of both essential functions and
services providers in urban areas, in the context of limitations in data and in ready-to-use tools.
Results support the resilience assessment of these hazards, taking into account interdependencies
and cascading effects. The approach is applied to Lisbon city as the study case. Results are promising
in demonstrating the potential of combining data and knowledge from different sources with dual
modelling approaches, allowing us to obtain trends on the magnitude of effects of climate scenarios
and to assess potential benefits of adaptation strategies. Quantification of the effects is reached, but
results need to be assessed together with the underlying levels of uncertainty. The methodology can
facilitate dialogue among stakeholders and between different decision levels.

Keywords: climate change; flooding; hazard mapping; risk identification; sustainability; urban
resilience

1. Introduction

Comprehensive understanding of the vision for urban areas encompasses a number of widely
used concepts. The concepts of sustainability, resilience, adaptability, safety, transformation and
liveability are more or less implicit as main guidelines for action [1,2], even if the understanding of
these concepts is not generalized and is often vague or narrow [3]. Translation of these concepts
into development strategies for the complex and dynamic urban systems can be an unreachable aim.
However, as emphasized in Reference [3], “cities have proven to be remarkably resilient complex
systems: many cities have existed for thousands of years and have persevered in the face of natural
and human-induced disasters to become stronger and in some cases more resilient”. Despite these
debates, there is a need for a shift to a more sustainable and resilient path [1].
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Aligned with this vision, and aware of the challenges that climate change imposes on urban areas,
the option of dealing with specific associated hazards, while ensuring the involvement of multiple
urban services and interested parties, allows for reducing the dimension of the problem.

Water related risks are amongst those that are significantly dependent on climate related events.
The intrinsic dynamic nature of climate in each region already challenges the managers of urban
systems. Climate change effects on the urban areas potentially aggravate existing conditions and lead
to the emergence of new hazards or risk factors. Floods are a leading source of adverse consequences
for urban areas [4,5].

City resilience, understood as the ability to absorb, adapt and recover from disruptive events
in a path towards increasing sustainability [6], provides a broad conceptual structure to assess and
support planning in urban areas. Any integrated and sustainable approach to increase resilience needs
to be supported by sound knowledge. However, the complexity and dynamics of urban areas imply
the acceptance of several limitations on data, tools and resources. Planning for increasing resilience
can benefit from the use of diverse information and methods to add reliability and validity to the
results. Furthermore, explicit consideration of uncertainties of climate phenomena and meteorological
events [7] is critical, even if quantification is not always feasible.

Focusing on the water sector, events such as intense rainfall, storm surge, sea level rise and
temperature increase are of concern in urban areas. Aggravation of these climate conditions has
the potential to increase the likelihood and consequences of severe events, as well as to reduce the
performance of urban water systems during less extreme conditions [7]. Cities and services providers
must be prepared to cope with these challenges. The interplay between services providers, ensuring
urban functions, is essential to face climate related events and to assess the resilience to multiple
hazards. This requires an integrated and multi-sectoral approach taking into account strategic urban
sector and their interactions [8–10], but significant gaps have been found in risk-based approaches [11].
As emphasized by Reference [9], conceptual approaches based solely on vulnerability and precaution are
limited and the adoption of the concept of resilience as a new paradigm allows for the implementation
of more integrated risk management in a systemic manner (p.237).

Cities and towns rely on water systems, some incorporating components built over 200 years ago,
built gradually following population growth. These systems are functional and represent a high asset
value. Rehabilitation rates are already lower than needs today and expectations are for continued
deterioration and low investments [12], especially in sewerage. Service failures affect society, for
instance, whenever volumes exceed transport, treatment or storage capacities, and excess water often
results in flooding. Consequences of flood events are multidimensional, including adverse effects on
the water services, health and safety of populations, socio-economy and environment. Mobility, wastes
and electricity supply are some of the sectors often affected by flooding and potentially propagating
their effects [8,11,13–16].

Assessment of resilience and selection of options to improvement depends on two key steps [17,18]:
characterization of flood events, which determines exposed assets and population; and estimation of
vulnerability to allow estimating magnitude of damages for specific types of events. Limitations on risk
identification determine the robustness of subsequent analysis, from exposure to impacts estimation.

The work presented herein is part of a broader approach (RESCCUE: Resilience to cope with
climate change in urban areas – a multisectorial approach focusing on water project) to enable city resilience
assessment, planning and management by incorporating new and existing knowledge of the urban
systems performance under climate change conditions in a water-centred multi-risk assessment of
strategic urban services performance using a comprehensive resilience platform [10]. The assessment
of urban resilience from a multisector approach is carried out for current and future climate scenarios,
and includes multiple risks.

Sound assessment of the resilience to flooding requires the systematic identification of risks and
corresponding hazards, risk factors and risk sources for dealing with current and expected future
levels of risk in order to increase the resilience of cities, using the available information. This paper
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presents the developments in terms of risk identification related with climate change effects and
services interdependencies, specifically for flood related hazards. The approach aims at setting a
practicable methodology in a background of limitations in data and in ready-to-use tools using the
city of Lisbon as a study case, including the spatial characterization of these hazards. The results are
essential to supporting the assessment of the resilience to these hazards of essential urban functions
such as mobility, wastes management and electricity supply, taking into account interdependencies and
cascading effects. The paper details developments relevant for the mobility and wastes management
sectors. The electrical sector, deemed essential for the city, has a Quality Service Zone Type A for the
design and planning of the network, implying the existence of incremental layers of resilience and
the robustness of the grid, while minimizing the impact in case of disruption. A Type A Zone has
high-level redundancy in the electricity supply service [19].

2. Lisbon City Overview

Lisbon, the capital of Portugal, is one of 18 the municipalities of the biggest Portuguese metropolitan
area and has the second largest European port on the Atlantic Ocean. Lisbon is a city shaped by
influences of a large number of cultures over time and by the extensive riverfront on the river Tagus
estuary. Characteristic figures for Lisbon city are listed in Table 1. The city has a temperate climate,
classified as Mediterranean climate (Köppen climate classification: Csa), characterized by dry and hot
summers and wet and fresh winter periods.

Climate change trends for Lisbon include the increase in average air temperature, decrease in
annual and non-wet season rainfall, increase in wet-season rainfall and in intense rainfall events
frequency, average sea level rise and increase of coastal floods frequency. The combined action of
intense rainfall, wind, sea level rise with tides and storm surges is especially relevant for Lisbon’s
context and geographical position.

Table 1. Lisbon city characteristics [20–22].

Area (Km2) 85 Economic indicators (2013)

Population
(2011)
(inhab.)

Residents 547,733 GDP (millions of euros) 63,902

Commuters balance +378,226 Gross value added GVA (millions
of euros) 56,154

Disabled (%) 17.1 GDP per capita (thousands of euros) 22.7
Tourism
(2011)

tourists/year 2,949,579 Apparent labour productivity (per person
employed) (GVA/Employment, 2011) 41.7tourist nights/year 6,789,166

Age
distribution

<15 years old 12.9% Employment indicators, 2011

>65 years old 23.9% Employment (thousands of persons) 1,385.8
Land slope Average: 5.7◦ Maximum: 81◦ Employment (% country) 29%
Altitude (m) Minimum: 0 Maximum: 217 Water distribution service connections ≈80,000

Land use
values

Consolidated urban 90% Wastewater infrastructures

Buildings (n.) 52,496 Combined sewer network served area (%) 73
Vehicles/day (2012) 648,615 Treatment plants 3

The Municipality is involved and proactively committed to increase the resilience of the city
to achieve the 17 Sustainable Development Goals by actively working in relevant areas such as
participating in international initiatives such as C40 and 100 Resilient Cities, largely investing from
strategic to practical actions to increase city sustainability [23,24].

3. Methodology and Data

3.1. Methodology Main Steps

The overall methodology proposed to undertake the spatial characterization of the flood related
hazards has the following main steps:
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(i) Identification of flood related hazards, risk factors and risks using the selected affected sectors as
case studies, namely, electricity supply, urban mobility and wastes collection.

(ii) Selection of metrics for hazards characterization and mapping.
(iii) Selection of representative scenarios to characterize current and future situations.
(iv) Mapping of hazards and calculation of metrics to support further work on resilience assessment

using GIS.

The methodology adopted for hazards identification takes the data obtainable for the investigation
and available tools into consideration to diagnose and evaluate the effect of climate change scenarios
in terms of flood related hazards as a route to ascertain resilience of urban services to these events.
Both data and models have inherent limitations and uncertainties and research design is grounded on
the use of complementary methods, in a triangulation-based approach [25], using multiple methods to
study the research problem [26]. Methodological triangulation allows adding reliability and validity
to the results and cross checking of results [27], taking advantage of overlapping and intersecting
layers of geographic information. For the study case of Lisbon, the set of methods, available for the
triangulation to support flood risk identification, are identified. The structure adopted in this study is
given in Figure 1.

 
Figure 1. Methods triangulation for characterization and mapping of flooding related hazards.

Assumptions in this study include the focus on the water cycle and flood related hazards, while
the risk sources analysed are rainfall and coastal overtopping [10]. The emphasis here is on the mobility
and waste management sectors, but the methodology is applicable to other urban sectors.

3.2. Tools and Data to Support Risk Identification

The first step is to identify the data and tools available for the study case to support the
methodology refinement; the methodology takes into account current and future situations while
considering climate change.

In terms of tools, two types of hydraulic mathematical models are available for the city of
Lisbon [28,29]: (1) the City wide 1D GIS model; (2) the Downtown catchments JL using 1D/2D
combined model (SWMM and Basement) [30,31]. These models have a number of limitations in the
data for model building and confirmation, but the two models do represent a balance between spatial
scope, level of detail and data availability. The former (1) covers the city as a whole but adopts a
simplified hydraulic model and sewer network; the later (2) uses a more robust hydraulic formulation
and includes network as well as overland flow simulation.

For the study case of Lisbon, the set of methods available to support description and mapping of
flood related hazards are indicated in Figure 2, together with main outputs and hazard characteristics.

The approach adopted in method 1, a qualitative method, allows for collaborative crosscheck,
where groups or individuals with different points of view investigate common issues involving
interrelated systems and services, increasing the validation and consolidation of the aspects
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evaluated [32]. With this approach, identification of flood related hazards and risk factors for
strategic urban services was developed in a collaborative process involving representatives of the
Lisbon city services included in the study. Stakeholders with direct involvement are listed in Table 2.
Following the consultation sessions with stakeholders, the analysis of results for the study case resulted
in an interdependencies matrix. The structure and aims of the study and focus on issues related to
flooding in this specific city has determined the level of involvement of the stakeholders.

Figure 2. Methods for characterization and mapping of flood related hazards and outputs.

Table 2. Main stakeholders involved in the Lisbon city study case.

Service Stakeholders Level of Involvement

Municipality * Lisbon Municipality (CML) High
Energy supply Distribution System Operator (EDP D) High
Rain and wastewater systems CML and ADTA High
Water supply EPAL Low
Public transport CML, CARRIS, METRO Medium
Communications MEO Altice, Vodafone, NOS Low

* Includes a range of urban services, e.g., civil protection, wastes, public lighting, urban planning, mobility
and environment.

For method 2, data from a historical events register, currently updated by the civil protection
services, was used to assess citywide flood frequency.

In method 3, the citywide model approach (1) the hydraulic modelling simplified study of the
drainage system (1D GIS model), was based on a conceptual model due to the complexity of Lisbon’s
drainage system and data limitations. This simulation tool uses GIS routines and was implemented on
ArcMap™ software. This model was built with the primary sewer network, to enable modelling of
major physical and hydrodynamic properties of the system. This model includes 421 sub-catchments,
797 junctions and 753 sewers, which make up a total of 173 km, around 12% of the whole sewer network
length. From the 797 junctions, 218 are head junctions and 48 are final junctions, which discharge to
a main trunk system (primary sewer conveying wastewater to the treatment plant), the Tagus River
(receiving water body) or to neighbouring councils’ sewers. Secondary sewers (cross-sections smaller
than 800 mm) are not included.

In method 4, for the Lisbon Downtown catchments J-L, the 1D/2D SWMM and BASEMENT
combined model was set to allow for estimating the flooded areas and its water levels at the surface.
These catchments were selected because they are two of the most flood prone catchments in Lisbon,
encompassing historical and touristic downtown areas with relevant infrastructure and services. The
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model for this area includes 32 sub-catchments, 331 sewers and 318 nodes, from which six corresponded
to outfalls [28,29].

3.3. Selection of Metrics for Hazards Characterization and Mapping

Depending on the available information and model used, different criteria are applicable, resulting
in a more comprehensive understanding of the hazards. The urban functions selected to illustrate the
application of this methodology are those related to urban mobility and wastes collection.

In Table 3, a summary of metrics selected for flood related hazards for different approaches and
scenarios is given.

Table 3. Definition of flood related hazards for different approaches and scenarios.

Data/model Criteria: Metric, Scale Classes Scenarios

Lisbon flooding
historical records

Flooded areas: frequency, 3 classes: medium, high, very high Current situation

Citywide 1D GIS
based

Use of sewer transport capacity: C = Qwet/Qfull (%), 4 classes,
low C ≤ 0.5, moderate 0.5 < C ≤ 1.0, high 1.0 < C ≤ 1.5, very high
C > 1.5

Current situation
and climate change

Downtown
catchments J and L
1D/2D CMSB

Water level: water depth, d(m), at critical time, 5 classes: very
low d ≤ 0.2, low 0.2 < d ≤ 0.4, moderate 0.4 < d ≤ 0.6, high 0.6 <
d ≤ 0.8, very high 0.8 < d ≤ 1.0
Hazard to pedestrians: Flood hazard rating HR=d ×(v+0.5)+DF
(d - water depth (m), v - overland flow velocity (m/s), DF - debris
factor [33], 4 classes: low HR ≤ 0.75, moderate 0.75 < HR ≤ 1.25,
high 1.25 < HR ≤ 2, very high HR > 2
Hazard to vehicles: F(flow depth D, flow velocity|→v |) [15], 3
classes: low D ≤ 0.28 and D× |→v |≤ 0.40, moderate D ≤ 0.28 and
0.40 < D× |→v | ≤ 0.55, high D > 0.28 or D× |→v |>0.55

Estuary water level
Area as a function of simulated water level available
modelling results for the scenarios of estuary water level are
from a study promoted by CML [34].

For the current situation, the historical data on flood events allowed obtaining hazard maps
with areas as a function of flooding frequency, used to cross-validate the results from the simulations.
A systematic recording of water levels was not undertaken and information on the water levels reached
in each flood event is not available. For surface flows, the water level metric allowed for evaluation of
consequences in properties.

3.4. Selection of Representative Scenarios

The selection of representative scenarios took two aspects into account: the infrastructure and
climate. For the former, two situations were analysed: existing infrastructure and adaptation strategies
(CAS, or climate adaptation strategy). For the latter, two situations were studied: the current situation
and a future situation where climate change is accounted for. From the results of available studies on
climate change to Lisbon, to characterize current situation and climate change [34,35], representative
scenarios were selected, for both the current situation and future situation, for rainfall and for Tagus
river estuary levels. These scenarios are aligned with those used by the Municipality for climate
adaptation planning purposes.

For both climate situations, three return periods were selected (10 years, 20 years and 100 years) to
take into account the variations in precipitation intensity. The actual values for existing infrastructure
with climate change were defined as relative changes to current situation values. To limit the number
of hydraulic simulations, an average estuary water level was adopted for each climate situation. The
reference period for the future situation taking climate change into account is 2071-2100 (worst-case
scenario).
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Three scenarios were analysed and compared: CS, used as the baseline, with the current system
and climate characteristics; BAU, business as usual (for the system) assuming a future situation with
climate change; and CAS, a future situation including the implementation of selected strategies for
climate adaptation and assuming climate change scenarios.

3.5. Mapping of Hazards and Data for Calculation of Global Metrics for Resilience Assessment

The mapping of flood related hazards and calculation of metrics to be used as input to resilience
assessment was carried out using the municipality GIS and data from several city databases. The
global metrics adopted depended on the information available, but essentially consisted of aggregation
by length and area, number or aggregated values for the variables used.

4. Results and Discussion

4.1. Preliminary Interdependencies Matrix

The broad identification of interdependencies in the city of Lisbon considers seven main urban
services or infrastructure for which a matrix of exposure and interdependencies was developed:
electricity supply; telecommunications; water cycle; wastes; mobility; green and blue infrastructure;
urban equipment; public lighting; and heritage areas. A simplified version of the matrix is presented in
Table 4. Systematic analysis took several urban services into consideration, including plausible
cascading events. Globally, runoff and flooding can directly or indirectly affect most services
and infrastructure.

4.2. Main Results for Processing of Flooding Historical Records and Comparison with CS Simulation Results

The results of the processing of historical records for the three return periods compared with the
results of the model (1) simulations for current situation (CS as baseline) (Figure 3, for T=100 years)
allow cross validating the results. Overall, the simulation results match with historical records for
flood prone areas, especially for those near the river Tagus or areas where floods are more severe. As is
evident from Figure 3, simulation results using a simplified network with only primary sewers do
not provide full spatial coverage, with some areas with historical records likely to be associated with
secondary sewers or rainwater inlets insufficiency. Additional model limitations such as simplified
hydraulics, and the eventual occurrence of sedimentation and blockages not represented in the model,
explain the apparent spare flow capacity in areas where flooding occurs regularly.

Historical records provide valuable information since the areas for each class of flood frequencies
incorporate several records associated with each event and an extensive number of observations, and
represent a proxy of the area for each flood frequency.
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Figure 3. Use of sewer capacity at primary sewers (current situation (CS)-T100) and flood hazards
based on historic observations.

4.3. Main Results for Current Situation and Business as Usual with Climate Change

Comparing the results of model 1 (1D GIS based), for the current situation (CS as baseline)
and climate change scenarios (BAU, business as usual), i.e., BAU-CS, for each return period, allows
estimating the effects of climate change scenarios simulated for the whole city, despite the limitations
previously mentioned. The results show an aggravation in the metric C (use of sewer capacity) as
response to increased flows generated, for the three return periods (Figure 4 and Table 5). The urban
drainage overall performance decreases 8.6%, 7.8% and 10.0%, respectively for the return periods 10,
20 and 100 years. These percentages correspond to the sum of the values of classes “high” and “very
high” from Table 5 and represent the relative increase in sewer length where capacity exceeds full pipe
capacity and is a proxy of the relative effect of the simulated climate change scenarios.
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Figure 4. Citywide results for use of sewer capacity (model 1D GIS): CS and business as usual
(BAU) situations.

Table 5. Citywide results for use of sewer capacity (model 1D GIS): comparison between CS and BAU.

C Range
Use of Sewer
Capacity

Return Period (%(BAU-CS))

T010 T020 T100

C ≤ 0.5 Low −7.2 −9.2 −8.3
0.5 < C ≤ 1.0 Moderate −1.4 +1.4 −1.7
1.0 < C ≤ 1.5 High +6.7 +5.1 +0.8
C > 1.5 Very high +1.9 +2.7 +9.2

For Lisbon downtown catchments J and L, results of the assessment of flood water level hazard
using model 2 (Table 6) show a predominance of very low water levels and a slight increase in flooded
areas associated with climate change scenarios (BAU). The apparent small magnitude in the effect
of precipitation and sea level increase is explained by the aggregation in hazard classes, a factor not
affected by variations in level within the classes of hazard, which is observed in detailed simulation
results such as the example in Figure 5, the map showing the results at a critical time step, for T100.
The overall magnitude of this hazard is identical in BAU and CS simulation results.

Table 6. Catchments J and L results for flood water level hazard (model 1D/2D): CS and BAU
situations summary.

Flood Water
Level (m)

Hazard
Class

T010 (%)* T020 (%)* T100 (%)* Δ (BAU-CS) (%)

CS BAU CS BAU CS BAU T010 T020 T100

d ≤ 0.2 Very low 96.5 96.0 95.8 95.4 93.1 92.4 −0.57 −0.47 −0.67
0.2 < d ≤ 0.4 Low 2.9 3.4 3.5 3.9 5.9 6.4 +0.53 +0.40 +0.58
0.4 < d ≤ 0.6 Moderate 0.5 0.5 0.5 0.6 0.8 0.8 +0.07 +0.05 +0.06
0.6 < d ≤ 0.8 High 0.1 0.1 0.1 0.1 0.2 0.3 −0.02 +0.02 +0.03
0.8 < d ≤ 1.0 Very high 0.0 0.0 0.0 0.0 0.0 0.0 −0.01 +0.00 +0.00

(*) Percentage in each class.

The results for hazard to pedestrians are shown in Table 7. The magnitude of this hazard increases
for all return periods, reaching around 4.0, 3.6 and 2.9 for the T010, T020 and T100 return periods,
showing a slight decrease with the return period. Results for the assessment of hazard to vehicles
(Table 8), follow a similar trend.
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Figure 5. Results from model 1D/2D, catchments J and L. for the BAU situation (T100): water level at a
critical time.

Table 7. Catchments J and L results for hazard to pedestrians (model 1D/2D): CS and BAU situations
summary.

HR Range Hazard
Class

T010 (%)* T020 (%)* T100 (%)* Δ (BAU-CS) (%)

CS BAU CS BAU CS BAU T010 T020 T100

HR ≤ 0.75 Low 79.3 75.2 76.0 72.5 67.3 64.4 −4.0 −3.6 −2.9
0.75 < HR ≤ 1.25 Moderate 18.5 21.7 20.9 23.5 26.9 28.9 +3.2 +2.6 +2.0

1.25 < HR ≤ 2 Significant 2.2 3.0 3.0 3.9 5.7 6.6 +0.8 +0.9 +0.8
HR > 2 Extreme 0.1 0.1 0.1 0.1 0.2 0.2 0.0 0.0 0.0

(*) Percentage in each class.

Considering the results from the methods applied, it can be concluded that current situation is
already unfavourable in terms of flooding frequency in various locations in Lisbon, but the magnitude
of the hazards is generally low. Generally, these results are in alignment with available historical
observations. The overlapping of the maps for the use of sewer capacity ((model 1D GIS) with results
of model 1D/2D, for catchments J and L, confirms the most overloaded parts of the sewer network.

The climate change scenarios simulated do not impose significant increase in the magnitude
of flood related hazards to properties and infrastructures, pedestrians and vehicles. Consequently,
implications for the mobility and to waste sectors, compared to current situation, are expected to
be low.
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Table 8. Catchments J and L results for hazard to vehicles (model 1D/2D): CS and BAU situations
summary.

Class Range Hazard
Class

T010 (%)* T020 (%)* T100 (%)* Δ (BAU-CS) (%)

CS BAU CS BAU CS BAU T010 T020 T100

D ≤ 0.28 and D× |→v |
≤ 0.40

Low 80.3 76.9 77.8 74.9 70.5 68.3 −3.4 −2.9 −2.3

D ≤ 0.28 and
0.40 < D× |→v | ≤ 0.55 Moderate 13.2 15.2 14.5 16.0 18.1 18.9 +1.9 +1.5 +0.8

D > 0.28 or
D× |→v |>0.55 High 6.5 7.9 7.7 9.0 11.3 12.8 +1.4 +1.4 +1.5

(*) Percentage in each class.

4.4. Main Results for Selected Adaptation Strategies and Climate Change Scenarios

The three adaptation strategies selected for testing the proposed methodology, are some of those
that can be simulated by hydraulic modeling and considered to be relevant by the stakeholders. These
strategies are proposed in the Lisbon Master Plan 2016-2030 [36]. Even during risk identification,
as presented in this paper, it is valuable to assess the impact of adaptation strategies in the flood
related hazards.

The first strategy, CAS1—Adaptation of green infrastructure, corresponds to a significant increase
of the total green area in the city (Figure 6). The second strategy, CAS2—Peak flow attenuation through
the construction of two retention basins, includes the construction of two small retention basins, one of
which has the main purpose of retaining solids (Figure 7).

Figure 6. Green areas relative change: % increase from BAU to CAS1.

The third strategy modelled, CAS3—Construction of new components in drainage system,
proposes the construction of a large interception tunnel and improvement in the inlets to the sewer
network (Figure 8).

The three strategies were simulated with the citywide simplified model 1 but for the detailed
model 2 of catchments J and L, only CAS3 is relevant.

Results of model 1 (1D GIS based), for BAU, CAS1, CAS2 and CAS3, for each return period, for
the metric C, use of sewer capacity, are given in Figure 9, in terms of the relative variations to CS. The
results show an aggravation in the metric C for BAU situation as presented previously as response to
increased flows generated in the scenarios of climate change, for the three return periods. CAS1 has
only some effect in the areas downstream of the catchments but even in those areas the reduction is
limited, since the area upstream to the basins is small and the basin volumes are also small. CAS2
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has no substantial influence and results are similar for all return periods. This is attributed to the
small influence of the green areas on the hydrological processes for intense rainfall events. CAS3 is
the only strategy contributing to decrease the length of sewers in the most severe class. However,
since the effect is mainly expected in the areas downstream of the tunnels, the effect is not evident
when evaluated for the whole city. In Table 9, the results for the areas downstream of the tunnels are
presented and the effect of the tunnels is clearly effective in the reduction of flooding.

Figure 7. Location of the retention basins planned in the CAS2.

Figure 8. Tunnels: associated drainage catchments and intersection locations [37].

Globally, the results indicate that from the three strategies analysed, only CAS3 has a significant
effect on flood related hazards and is limited to the areas downstream of the tunnels.
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(a) Use of sewer capacity: results for T010 

 

 

Figure 9. Citywide results for use of sewer capacity (model 1D GIS): results for BAU and CAS situations
compared with CS.
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Table 9. Results for use of sewer capacity (model 1D GIS) in catchments downstream of the tunnels:
comparison between CS and CAS3.

C Range
Use of Sewer
Capacity

Return Period (%(CAS3-CS))

T010 T020 T100

C ≤ 0.5 Low +36.0 +41.3 +38.3
0.5 < C ≤ 1.0 Moderate −36.6 −35.1 −30.6
1.0 < C ≤ 1.5 High +1.4 −4.4 −8.3
C > 1.5 Very high −0.8 −1.8 +0.6

The effect of CAS3 on the catchments J and L is also beneficial but is not improving significantly
under the current situation. This can be explained by the existence of duckbill tidal valves that require
a certain pressure upstream to allow flows downstream to receiving waters. The CAS-3 results for
downtown catchments detailed modelling (model 2) show the increase of the carrying capacity at the
downstream sewers as the main effects of construction of the diversion tunnels, as obtained for the 1D
GIS Model simulations. Nevertheless, in some cases, considerable water depths still occur.

The results for flood hazard to pedestrians show a slight decrease for all return periods. The
results for the hazard to vehicles follows a similar trend.

5. Final Remarks

Risk identification is a key phase for risk-based approaches as well as to assessing resilience.
Limitations in data and in ready-to-use tools often limits the development of these assessments. The
methodology applied allows us to proceed with the spatial characterization of the flood related hazards
and exposure of essential functions and services providers in urban areas, as a first step to support the
assessment of the resilience to specific hazards, taking into account interdependencies and cascading
effects. The combination of methods and existing data can add benefits often not obtained with more
sophisticated methods and data. The combination of data and knowledge from different sources with
dual modelling approaches can provide helpful results about the magnitude hazards, using metrics
that relate with the urban functions and corresponding services, for different situations and scenarios.

An encouraging outcome of the methodology is the understanding achieved by stakeholders
that are not familiar with water issues, about the relevance of flood related hazards for their modus
operandi and the value of information they could obtain from other stakeholders to increase the
resilience and reliability of their services.

The results obtained for the situations analysed modified the beliefs of involved people about the
effect of some strategies to reduce flooding, while improving their understanding of hydrological and
hydraulic processes and their relevance for managers and operators in Lisbon.

Areas for improvement include procedures to record flooding events and corresponding
meteorological information, information on sewer network operational condition promotion of
closer collaboration between stakeholders. Tools such as hydraulic models need to be recognized as
effective in supporting current systems management.

The characterization of the hazards is instrumental to the adaptation of different sectors and, in
this application, allowed us to realize that despite climate change impacts, the current situation is
already affecting a number of city functions and services.
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17. Hammond, M.J.; Chen, A.S.; Djordjević, S.; Butler DMark, O. Urban flood impact assessment: A state-of-the-art
review. Urban Water J. 2015, 12, 14–29. [CrossRef]

18. Rosenzweig, B.R.; McPhillips, L.; Chang, H.; Cheng, C.; Welty, C.; Matsler, M.; Iwaniec, D.; Davidson, C.I.
Pluvial flood risk and opportunities for resilience. Wires Water 2018, 5, 1–18. [CrossRef]

19. Evans, B.; Chen, A.; Djordjevic, S.; Webber, J.; Almeida, M.C.; Morais, M.; Telhado, M.J.; Silva, I.; Duarte, N.;
Martínez-Gomariz, E.; et al. Impact Assessments of Multiple Hazards in Case Study Areas with Adaptation
Strategies; RESCCUE Project: Barcelona, Spain, 2020.

20. INE. Censos 2011 Resultados Definitivos–Portugal. In Census 2011 Definitive Results; National Statistics
Institute: Lisbon, Portugal, 2012.

179



Sustainability 2020, 12, 2227

21. CML. The economy of Lisbon in numbers 2014 (A economia de Lisboa em números 2014). Available
online: http://observatorio-lisboa.eapn.pt/ficheiro/Lisboa_em_numeros_2014_final_01.pdf (accessed on 20
April 2017).

22. Telhado, M.J.; Baltazar, S.; Fernandes, F.; Cardoso, M.A.; Almeida, M.C.; Vieira, P.V. Lisbon Municipality
Contribution to the Demonstration of the WCSP, RIDB, RRDB, GIS Applications for Risk Assessment in Lisbon;
PREPARED project: Nieuwegein, The Netherlands, 2014.

23. The Rockfeller Foundation. Cities Taking Action. How the 100RC Network is Building Urban Resilience. 2017.
Available online: http://100resilientcities.org/wp-content/uploads/2017/07/WEB_170720_Summit-report_
100rc-1.pdf (accessed on 1 February 2020).

24. Silva, M.M.; Costa, J.P. Urban Flood Adaptation through Public Space Retrofits: The Case of Lisbon (Portugal).
Sustainability 2017, 9, 816. [CrossRef]

25. Turner, S.F.; Cardinal, L.B.; Burton, R.M. Research Design for Mixed Methods: A Triangulation-based
Framework and Roadmap. Organ. Res. Methods 2017, 20, 243–267. [CrossRef]

26. Jick, T.D. Mixing qualitative and quantitative methods: triangulation in action. Adm. Sci. Quartely 1979, 24,
602–611. [CrossRef]

27. Duffy, M.E. Methodological triangulation: A vehicle for merging quantitative and qualitative research
methods. J. Nurs. Scholarsh. 1987, 19, 130–133. [CrossRef] [PubMed]

28. Russo, B. (Ed.) Multi-Hazards Assessment Related to Water Cycle Extreme Events for Current Scenario; RESCCUE
Project: Barcelona, Spain, 2018.

29. Russo, B. (Ed.) Multi-hazards Assessment Related to Water Cycle Extreme Events for Future Scenarios (Business as
Usual); RESCCUE Project: Barcelona, Spain, 2019.

30. Huber, W. Storm Water Management Model (SWMM) Bibliography. Athens, Ga: Environmental Research Laboratory,
Office of Research and Development; U.S. Environmental Protection Agency: Washington, DC, USA, 1985.

31. VAW. BASEMENT–Basic Simulation Environment for Computation of Environmental Flow and Natural Hazard
Simulation. Version 2.8; ETH Zurich: Zurich, Switzerland, 2018.

32. Hosseini, S.; Barker, K.; Ramirez-Marquez, J.E. A review of definitions and measures of system resilience.
Reliab. Eng. Syst. Saf. 2016, 145, 47–61. [CrossRef]

33. Defra, E.A. Flood Risk Assessment Guidance for New Development. Phase 2 Framework and Guidance for Assessing
and Managing Flood Risk for New Development–Full Documentation and Tools; Defra and Environment Agency:
London, UK, 2005.

34. Antunes, C.; Catita, C.; Rocha, C. Estudo de Avaliação da Sobrelevação da Maré–Determinação da Cartografia de
Inundação e Vulnerabilidade da Área Ribeirinha de Lisboa Afetada Pela Sobrelevação da Maré Como Consequência
da Futura Subida do Nível Médio do Mar. Relatório Técnico EMAAC; Câmara Municipal de Lisboa: Lisbon,
Portugal, 2017; 46p.

35. Paradinas, C.; Monjo, R.; Gaitán, E.; Carravilla, C.; Torres, L. Projection of Climate Extremes in the City of Lisbon:
A Comparative Study; RESCCUE Project: Barcelona, Spain, 2019.

36. Hidra, Engidro, Bluefocus. Plano Geral de Drenagem de Lisboa 2016–2030; Câmara Municipal de Lisboa: Lisbon,
Portugal, 2015.

37. Hidra. Tender Documents for the Construction Works of the Drainage Tunnels and Associated Interventions in Lisbon;
Câmara Municipal de Lisboa: Lisbon, Portugal, 2018.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

180



sustainability

Article

Socio-Economic Assessment of Green Infrastructure
for Climate Change Adaptation in the Context of
Urban Drainage Planning

Luca Locatelli 1,*, Maria Guerrero 2, Beniamino Russo 1, Eduardo Martínez-Gomariz 2,3,

David Sunyer 1 and Montse Martínez 1

1 AQUATEC—Suez Advanced Solutions, Ps. Zona Franca 46-48, 08038 Barcelona, Spain;
brusso@aquatec.es (B.R.); dsunyer@aquatec.es (D.S.); mmartinezp@aquatec.es (M.M.)

2 Cetaqua, Water Technology Centre, Carretera d’Esplugues, 75, 08940 Cornellà de Llobregat, Barcelona, Spain;
maria.guerrero@cetaqua.com (M.G.); eduardo.martinez@cetaqua.com (E.M.-G.)

3 Flumen Research Institute, Universitat Politècnica de Catalunya, Jordi Girona 1-3, 08034 Barcelona, Spain
* Correspondence: luca.locatelli@aquatec.es

Received: 21 March 2020; Accepted: 29 April 2020; Published: 7 May 2020

Abstract: Green infrastructure (GI) contributes to improve urban drainage and also has other societal
and environmental benefits that grey infrastructure usually does not have. Economic assessment for
urban drainage planning and decision making often focuses on flood criteria. This study presents an
economic assessment of GI based on a conventional cost-benefit analysis (CBA) that includes several
benefits related to urban drainage (floods, combined sewer overflows and waste water treatment),
environmental impacts (receiving water bodies) and additional societal and environmental benefits
associated with GI (air quality improvements, aesthetic values, etc.). Benefits from flood damage
reduction are monetized based on the widely used concept of Expected Annual Damage (EAD) that
was calculated using a 1D/2D urban drainage model together with design storms and a damage
model based on tailored flood depth–damage curves. Benefits from Combined Sewer Overflows
(CSO) damage reduction were monetized using a 1D urban drainage model with continuous rainfall
simulations and prices per cubic meter of spilled combined sewage water estimated from literature;
other societal benefits were estimated using unit prices also estimated from literature. This economic
assessment was applied to two different case studies: the Spanish cities of Barcelona and Badalona.
The results are useful for decision making and also underline the relevancy of including not only
flood damages in CBA of GI.

Keywords: urban flood; water quality; cost-benefit analysis; modelling; combined sewer overflows

1. Introduction

Green infrastructure (GI)—also recognized with the acronyms NBS (Nature-Based Solutions),
SUDS (Sustainable Urban Drainage Systems), LID (Low Impact Development), BMP (Best Management
Practices), WSUD (Water Sensitive Urban Design) and many others [1]—contributes to improve
urban stormwater management and has several other societal benefits like air quality improvements,
reduction of heat island effects, aesthetic and recreational values, and others [2]. Socio-economic
assessment of GI is an important tool for urban drainage planning and decision making of climate
change adaptation strategies [3].

Several studies have presented socio-economic assessments of different climate change adaptation
options focusing on direct and indirect benefits derived from flood damage reduction capacity of GI.
Velasco et al. [4] presented a cost-benefit analysis where only direct benefits were included in terms of
avoided flood damages obtained by different adaptation scenarios in Barcelona: structural measures
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(pipe enlargement and stormwater tanks), GI, flood barriers for ground floor doors of businesses
and private buildings and early-warning systems. Zhou et al. [3,5] presented a framework and its
application to a Danish case study for economic assessment of different climate adaptation options
focusing on flood impacts. The economical assessment was based on a cost-benefit analysis (CBA) with
direct and indirect benefits derived from flood damage reduction that were monetized using flood
models together with damage costs for houses, basements, sewers, roads, lakes and people health and
also administrative and traffic delay costs. The damage costs were calculated using unit costs reported
from case-specific literature. In these papers, flood adaptation options based on pipe enlargements
were compared to stormwater infiltration through GI focusing on flood reduction benefits.

Further studies present socio-economic assessments including additional benefits not only related
to direct or indirect flood damages [6]. Löwe et al. [7] presented a cost-benefit analysis (CBA) for
comparing different flood adaptation options in Australia. The flood adaptation options consisting
of pipe enlargement, flood zoning and rainwater harvesting through GI were compared including
flood reduction benefits and also additional benefits derived from reduction of drinking water
consumption. Zhou et al. [8] presented an integrated hydrological cost-benefit analysis for comparison
of different climate adaptation options such as open urban drainage systems, pipe enlargement and
local stormwater infiltration. Here, benefits derived from flood damage reduction were integrated
with additional monetized benefits derived from increased property values in the areas where GI was
planned and the consequent increase in property taxes. Finally, Cooper et al. [9] presented an integrated
costs-benefits analysis of a berm (sea wall) to mitigate the effects of coastal flooding from sea storms.
Here, the monetized benefits of the project included: avoided costs derived from building damages,
management expenses, fatalities, debris removal, utility and municipal damages; benefits derived
from recreational and health value and indirect costs derived from interruption of key transportation
and commercial infrastructure located in the area. The recreational and health values were linked to
the ecosystem services and health benefits to the surrounding community generated by the planned
green areas along the berm.

Further studies underlined the importance of analyzing GI with a multidisciplinary approach.
Venkataramanan et al. [10] presented a multidisciplinary literature review focusing on the interaction
between human dimensions and socio-ecological-technical systems that are involved with GI in the
context of flood risk management. Additionally, Wilkerson et al. [11] analyzed the role of socio-economic
factors involved in the planning and management of urban ecosystem services.

The aim of this paper is to present a cost-benefit analysis that includes multiple benefits derived
from green infrastructure in the context of urban drainage planning. The novelty of this study is the
integration of water quantity and quality and other socio-economic benefits into CBA of GI in the
context of urban drainage planning. The application of this analysis to two different case studies can
also be considered as novel since the application of CBA is generally used for comparing different
adaptation measures within the case study. GI benefits are calculated from direct and indirect flood
impacts reduction, water quality related benefits and additional societal benefits. Benefits of flood
damage reduction are calculated as avoided direct and indirect flood damage costs to buildings,
vehicles, urban infrastructure and indirect costs. Flood damage costs are calculated using coupled 1D
urban drainage and 2D surface runoffmodels together with tailored depth–damage and permeability
coefficients functions. Water quality related benefits derived from CSO and waste water treatment
cost reduction are calculated using a 1D urban drainage model and costs of wastewater treatment
and CSO spills obtained from literature. Finally, additional societal benefits like increased aesthetic
value, air quality improvement, habitat provision and reduced urban heat island effect and energy
consumption, are calculated based on unit costs from literature. The socio-economic assessment is
applied to two different case studies: the Spanish municipalities of Barcelona and Badalona. These two
case studies were part of the two European H2020 research projects: BINGO (Bringing Innovation to
onGOing water management. www.projectbingo.eu) and RESCCUE (Resilience to Cope with Climate
Change in Urban Areas. www.resccue.eu). The aim of presenting two cases is mainly to show that
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the methodology can be applied to different cases. Nevertheless, the comparison can also bring new
points of view in the discussion of GI in the context of urban drainage planning. The methodology
proposed can be considered generally applicable to other cities in the context of green infrastructure
and urban drainage planning.

2. Materials and Methods

2.1. The Two Case Studies

2.1.1. The Case Study of Barcelona

Barcelona (Figure 1) has an extension of approximately 100 km2, 1,619,000 inhabitants and it is
highly urbanized. An important part of its urban development lies in a flat area up to few tens of
meters above mean sea level. The city faces the Mediterranean Sea and approximately half of its coast
line is occupied by the harbor and the remaining by sandy beaches. In the opposite side of the sea,
there are hills with significant slopes towards the urban area. The great majority of the drainage system
is a combined one and Barcelona experiences urban pluvial floods due to intense rainfalls, steep slopes
towards the flat urban area, high degree of imperviousness and, in recent years, expansion of new
urban areas draining into an older drainage system. The mean annual rainfall is 612 mm/y, the degree
of imperviousness is estimated to be approximately 70% of the whole municipal area even though
it can reach much higher percentages in the urban areas (see for instance the two zoom-in areas in
Figure 1). The city also experiences Combined Sewer Overflows (CSO) that generally occur during
rainfall events larger than a few millimeters. CSOs pollute the river Besos (that coincides with the
north-eastern boundary of the municipal area shown in Figure 1) and the sea water both in front of the
beaches and in the harbor. Figure 1 also shows the planned GI that will be described in Section 2.2.1.
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Figure 1. Plan view of Barcelona with all the planned GI: ponds, green roofs and bioretention cells.
The colored lines show the classification of five different kind of streets where bioretention cells are
planned (a different spatial allocation of bioretention cells was proposed as a function of the different
street slope and width).
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2.1.2. The Case Study of Badalona

Badalona (Figure 2), within the Barcelona Metropolitan Area, has an extension of approximately
21 km2, 215,000 inhabitants (the fourth most populated city in Catalonia) and it is highly urbanized.
An important part of its urban development lies in a flat area up to few tens of meters above mean sea
level. In the north and north-western part of the municipality there are hills with significant slopes
towards the urban area. On the opposite side the city has approximately 5 km of sandy beaches facing
the Mediterranean Sea. Badalona experiences urban pluvial floods due to intense rainfalls, steep slopes
towards the flat urban areas, high degree of imperviousness and, in recent years, expansion of new
urban areas draining into an older drainage system. The mean annual rainfall is 568 mm/y, the degree
of imperviousness is estimated to be approximately 57% of the whole municipal area even though
it can reach much higher percentages in the urban areas (see for instance the two zoom-in areas in
Figure 2). Almost all the drainage system is a combined one and CSOs that generally occur during
rainfall events larger than a few millimeters pollute the sea water. Figure 2 also shows the planned GI
that will be described in Section 2.2.3.

Figure 2. Plan view of Badalona with the planned green infrastructure (green roofs are not shown) and
two zoom-in areas for better visualization of the urban environment.

2.2. The Climate Change Adaptation Scenarios

Green infrastructure was one out of the several climate change adaptation options (do nothing,
pipe enlargement, new pipes and detention storages and early-warning systems) proposed and
analyzed in agreement with the different local stakeholders. In this study, two different adaptation
scenarios with future rainfalls are presented: the business as usual (BAU) scenario where no adaptation
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is considered, and the GI scenario. The BAU scenario is used as a reference scenario when calculating
benefits as part of the cost-benefit analysis. Both BAU and GI scenarios were based on future simulated
rainfalls. Two kinds of future rainfalls were estimated for each of the two case studies: a future design
storm event relevant for single event flood simulations and a future continuous rainfall time series
relevant for continuous urban water simulations that aimed at stimulating combined sewer overflows,
water quality impacts on the Mediterranean Sea and annual combined sewer water fluxes at waste
water treatment plants. The future design storm events were calculated by applying climate factors (CF)
to current design storm events according to Arnbjerg-Nielsen et al. [12]. It is noted that significantly
different approaches were used in Barcelona and Badalona in order to derive CF. In Barcelona the 50th
percentiles of all Representative Concentration Pathways (RCP) 8.5 and 4.5 scenarios were used to
compute CF as a function of both different return periods and rainfall durations. Instead, in Badalona
the average values of RCP 8.5 were used to compute CF as a function of different return periods.
Nevertheless, the obtained climate values are in both cases within the range proposed in other local
studies [13]. Details on the derivation of CF and future rainfall time series are provided in the following.
Further future climate variables like temperature, sea level rise, wind, solar radiation, etc., were not
considered in the current climate change adaptation scenarios even though they likely impact the
future urban drainage systems and GI performances [14].

2.2.1. Green Infrastructure in Barcelona

The proposed GI in Barcelona was agreed with local project stakeholders and it was mostly derived
from a study of the Municipality of Barcelona [15] that aimed at increasing stormwater exploitation in
the city. Three different types of GI were proposed: green roofs, bioretention cells and retention and
detention basins. Figure 1 shows the location of GI throughout Barcelona. Extensive green roofs are
assumed to be retrofitted to approximately 5% (143 ha) of all the roof area of Barcelona. This percentage
was derived from a study for the Municipality of Barcelona [16] that analyzed the roof areas suitable for
green roof retrofitting. Bioretention cells with a total area of approximately 181 ha are supposed to be
implemented in almost all the streets of Barcelona as shown in Figure 1. The location and preliminary
design of these bioretention systems were proposed in a study for the Municipality of Barcelona [15]
that suggested five different spatial distribution and capacity of bioretention systems depending on
street slope and width (the five street types classified were presented in Figure 1). The proposed
systems are made of a top soil and vegetation layer and a deeper layer of more porous material
for water detention and infiltration into the underlying soil. The bioretention cells are devised for
managing stormwater runoff from part or the whole streets where they are built. Finally, ten retention
and detention basins with a total volume of 128,700 m3 are supposed to be located at the upstream
parts of the urban area in order to collect stormwater runoff from the upstream rural areas for a 10-year
return period design storm. Approximately half of the basin volume is allocated to retention with
infiltration into the ground and the rest to detention and reduction of peak stormwater runoff. Other
examples of the combination of retention and detention volumes can be found in the literature [17].

Overall, the GI implementation in Barcelona would reduce the total impervious area by
approximately 14% for all the modelled area. Nevertheless, this reduction is higher in the city
center reaching approximately 29%. It is noted that bioretention cells and retention and detention
basins do manage stormwater runoff from their associated catchment areas (larger areas compared to
their physical construction areas).

2.2.2. The Future Rainfalls in Barcelona

The future rainfalls in Barcelona were computed based on the results of CMIP5 climate models
considering the RCP scenarios 8.5 and 4.5. Downscaling methods were then applied and verified
using both the ERA-Interim re-analysis as a reference for reproducing the past climate variables and
other statistical indicators. Future rainfalls were finally derived using both rainfall observations from
local rain gauges and different atmospheric circulation models: ACCESS1, BCC-CSM1, CanESM2,
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CNRM-CM5, GFDL-ESM2M, HADGEM2-CC, MIROC-ESM-CHEM, MPI-ESM-MR, MRI-CGCM3 and
NorESM1. Each model provided past (1951–2005) and future (2021–2100) rainfall time series.

The CF used for flood simulations were computed for both different rainfall durations (5, 10,
15 min, etc.) and different return periods (T = 1, 10, 50, 100 and 500 y) by calculating the rainfall
intensity ratio between the simulated future (2071–2010) and simulated historical period (1976–2005).
The computed CF were in the range between 1.07 and 1.26 and corresponded to the 50th percentile of
the predicted RCP 8.5 and 4.5 scenarios.

The future rainfall time series used for continuous urban water simulations was selected to be
the same as the actual one. This choice came after analyzing the predicted future rainfall volume
and annual number of rainfall events. The 50th percentile of the latter two variables did not show an
increase in the future and therefore, together with the project stakeholders, it was decided to keep
the current rainfall time series for continuous urban water simulations of the future climate change
adaptation scenarios.

2.2.3. Green Infrastructure in Badalona

The proposed GI in Badalona was agreed together with local project stakeholders that spotted
realistic near-future implementation areas. Three different types of GI were selected for the adaptation
scenario: green roofs, permeable pavements and infiltration trenches (Figure 2). Extensive green roofs
are assumed to be retrofitted to 5% of all the roof area of Badalona. Permeable pavements with a total
area of 47,000 m2 are supposed to be implemented in 7 different public squares and parks. Infiltration
trenches are supposed to be implemented in 5 different public parks that have a total area of 298,372 m2.
These trenches are supposed to retain and infiltrate into the ground both the impervious and pervious
stormwater runoff from the parks (mostly pervious areas) generated by a design storm of 10 years
return period. A total trench volume of 1923 m3 was estimated (assuming a 95% porosity of the trench
filling material).

Overall, the planned GI implementation in Badalona would reduce the total impervious area by
approximately 2%. It is noted that infiltration trenches do not reduce impervious areas; however, they
do manage stormwater runoff from their associated catchment areas.

2.2.4. The Future Rainfalls in Badalona

Two different sources of future climate data were used in the case of Badalona. The future
design storm events for flood simulations were obtained from climate projections results of the
EURO-CORDEX project (www.euro-cordex.net) while the future rainfall time series for continuous
urban water simulations were obtained from the decadal climate predictions of the Miklip project
(www.fona-miklip.de) that were derived from the model MPI-ESM (www.mpimet.mpg.de/en/science/
models/mpi-esm/).

The CF used for flood simulations were obtained by calculating the 24 h rainfall intensity ratio
between future projections (2051–2100) and historical simulated rainfall (1951–2005). Three different
RCP scenarios were analyzed: 8.5, 4.5 and 2.6. The CF obtained with average rainfall intensities from
RCP 8.5 scenarios were the ones selected together with the project stakeholders for flood simulations.
A CF of 1.15 for the 2-year return period design storm was obtained, 1.07 for the 10-year, 1.02 for
the 100-year and 1.01 for the 500-year. In this case, the same climate factor is applied to all rainfall
durations. Calculating climate factors from 24 h rainfall intensity ratio can be a limitation [18].

The future rainfall time series used for continuous urban water simulations were obtained in two
steps: first, the daily rainfall was obtained using the Daily Spatio-Temporal Stochastic Precipitation
Generator [19]; then, disaggregation of daily rainfall into 5 min values was made using a stochastic
method that combined both the Bartlett–Lewis process [20] and further procedures (included into
the R package ‘HyetosMinute’) in order to reproduce the 5 min rainfall observations from local rain
gauges. This procedure provided an ensemble of 10 different time series with both historical and future
rainfall. Only a single time series representing average future rainfall conditions was selected and
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used for continuous simulations with the urban drainage and the sea water quality model (presented
in Section 2.3.2).

2.3. The Cost-Benefit Analysis

2.3.1. Costs

The capital (CAPEX) and operation and maintenance (OPEX) costs of the planned green
infrastructure are based on unit costs obtained from both literature and local experience. The costs
ranges found in provider websites, unpublished documents and literature have generally a large
spread. In this cost-benefit analysis (CBA) the costs were derived partly from literature [21] and partly
from unpublished documents and internal research projects. The different costs were converted into
the same year value using consumer price indices. The CAPEX of extensive green roofs are assumed to
be 80 €/m2 and the OPEX 2.33 €/m2/y. Bianchini et al. [22] reported a CAPEX range of 120–152 €/m2

and an OPEX one of 1–12 €/m2 for extensive green roofs. The CAPEX of bioretention cells are 45 €/m2

plus 2.25 €/m2 for plant implementation and the OPEX 0.45 €/m3/y. The CAPEX of detention and
retention ponds are 100 €/m2 and the annual OPEX is 1.49% of the CAPEX. The CAPEX of permeable
pavements are 49.5 €/m2 and the OPEX 1.375 €/m3/y. The CAPEX of infiltration trenches are assumed to
be 185 €/m3 and additional 742 €/m3 the OPEX 50 €/m3/y. The additional CAPEX of infiltration trenches
in this case include the costs of additional manholes, inlets and pipes that need to be constructed
since these systems are supposed to be constructed into a public park area where existing drainage
connections are limited. The estimated CAPEX of the infiltration trenches proposed in Badalona are
similar to the costs paid by the municipality for an executed project. Zhou et al. [8,23] used investment
costs of infiltration trenches in the range between 16 and 91 €/m2. Alves et al. [6] estimated annual
OPEX as 3% of CAPEX costs.

The lifetime of an infrastructure can vary depending on Its maintenance: the higher the
maintenance costs the longer the lifetime [24]. In Badalona extraordinary maintenance was assumed to
be carried out every 20 years with a cost equal to the 23% of the CAPEX at each intervention. Similarly,
in Barcelona it was assumed every 20 years for bioretention cells and 50 years for green roofs and
retention and detention ponds with a cost equal to the 50% of the CAPEX at each intervention.

Residual GI value at the end of the project evaluation period was also considered according to
European recommendations for evaluations of investments [25]. This reflects the value of the remaining
potential use of GI since its services will be provided further beyond the end of the CBA evaluation
period [25]. In this study, it was considered as a negative cost but it could also be considered as a
benefit as the choice does not affect the net present value Equation (1) (it only affects the graphical
presentation of cost and benefits).

2.3.2. Benefits

Several benefits can be included into CBA of green infrastructure [5,9,14]. Benefits can be direct
and indirect, tangible (i.e., that can be quantified in monetary values) and intangibles [26]. In this study,
direct and indirect tangible benefits are taken into consideration. The benefits of the GI scenario were
calculated as avoided damages (or added values) compared to the BAU scenario that is considered to
be the reference as typically done in similar CBA [3,5]. In this study, the benefits were organized into 3
different categories for a better representation and discussion of the results:

• Benefits derived from flood damage reduction. Benefits are defined as avoided direct and indirect
flood damage costs. Flood damage costs were quantified in terms of Expected Annual Damage
(EAD) using a 1D/2D urban drainage model together with design storms and a damage model
based on tailored flood depth–damage curves [27]. The direct flood damages were quantified for
infrastructure, vehicles, buildings and assets, while the indirect damages for business interruption.

• Benefits derived from water quality improvements. Benefits are defined as avoided direct and
indirect damage costs. The direct damages are quantified as environmental costs produced by
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CSO spills to receiving water bodies and for avoided costs of combined sewage treatment. Indirect
damages are monetized for coastal economies that are affected by the polluted water.

• Additional benefits. Additional indirect benefits are monetized considering: increased aesthetic
value, air quality improvement, reduction of the urban heat island effect and energy consumption,
and habitat provision [22,24].

Direct flood damages in both Barcelona and Badalona were quantified using coupled 1D/2D
(urban drainage/overland flow) models and damage models based on tailored flood damage curves
(developed for indoor flood water levels) and permeability coefficient curves that were developed
together with flood insurance experts [27]. The damage model takes as inputs the deterministic and
spatially distributed values of maximum flood depth simulated with the 1D/2D urban drainage model.
The simulated flood depth from the 1D/2D model (considered as outdoor flood depth) is converted
into building indoor water levels using the permeability coefficient curves and then the flood damage
curves are applied to indoor water levels. In the case of buildings with basements further model
parameters control the indoor flood water exchange from ground floor to lower floors. Both the flood
models and the damage models (of Barcelona and Badalona) were calibrated and validated using
historical data. The flood models used water level data in the drainage network, rain gauge data and
photos of urban floods during different past rain events. The damage models used flood insurance
compensation data from different flood events during the last few decades [27]. The most influential
model parameters of the 1D/2D model were the roughness coefficients of pipes and urban surfaces and
of the damage model the parameters controlling the indoor flood water level exchange from ground
floor to lower floors [27].

The 1D/2D model provides the maximum simulated flood depth for different design storms of
different return periods between 1 and 500 years: 1, 10, 50, 100 and 500 years for Barcelona and 2, 10,
100 and 500 for Badalona. For each return period, the total flood damages at the urban scale were
calculated by multiplying the maximum simulated flood depth at each cadastral parcel by permeability
coefficients and flood depth–damage curves that were specifically tailored for Badalona and Barcelona
for different land uses (hotels, warehouses, restaurants, dwellings, car parks, etc.) and vehicles [28].
The permeability coefficient curves were used to transform the 2D simulated flood levels on the urban
floodable area into indoor water levels. Finally, Expected Annual Damage (EAD) was calculated
including both direct and indirect damages as detailed in a previous study of Badalona [27]. Indirect
flood damages due to business interruptions were estimated at 29% of the total direct damages using an
input–output model [27]. This percentage is in the range of other studies that proposed 19–39% [29,30].

The 1D/2D hydrodynamic models were developed with InfoWorks ICM (www.innovyze.com)
and calibrated and validated using local rainfall and water level data. The 1D sewer model of Badalona
includes approximately 368 km of pipes, 11,338 manholes, 11,954 sub-catchments, 62 weirs, 4 sluice
gates, and 1 detention tank of 30,000 m3. The 2D model has 199,338 cells that form an unstructured
mesh generated from a digital terrain model (DTM) of 2 m2 resolution obtained by a LIDAR with a
precision of approximately 15 cm for the altitudes. The size of the 2D cells is in the range of 16–64 m2

in the urban areas where most of the flood damages occur. The 1D sewer model of Barcelona includes
approximately 2041 km of pipes, 85,834 manholes, 980 weirs, 44 sluice gates, 75 pumps and 285 storage
nodes representing different kinds of chambers and 10 detention tanks with a total volume of more
than 400,000 m3. The 2D model has 1,361,324 cells that form an unstructured mesh generated from a
digital terrain model (DTM) of 2 m2 resolution obtained from a LIDAR. The size of the 2D cells is in
the range of 25–100 m2.

Direct and indirect water quality benefits were computed using continuous simulation of a 1D
urban drainage model to estimate annual volumes of CSO and combined sewage water sent at the
treatment plant. The urban drainage models used were the 1D/2D models presented earlier but without
the 2D overland flow model. The urban drainage models were then coupled to a sea water quality
model [31] to simulate the sea water contamination from CSOs and to estimate the average duration
of insufficient bathing water quality. The duration of insufficient bathing water quality was used as
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an input to a coastal economy model that estimates indirect damages to coastal economies caused by
pollution of bathing waters and the consequent reduction of sea related leisure, sport and restoration
activities. The coastal economy model includes different contributions. First, the daily direct added
value of the coastal economy was calculated by selecting the expected business sectors affected by a
beach closure (restaurants, small retails and maritime sector). This selection was based on the results
of a field study based on surveys to beach goers and personal interviews to coastal business owners
carried out in Barcelona and Badalona (see both H2020 BINGO and RESCCUE projects). Second, based
on data from Barcelona’s economic annual report [32] a 50% share of the annual coastal economic
added value was assumed to come from the bathing season [33], which lasts approximately 3–4 months
in Badalona and Barcelona. Only the direct added value of coastal districts (identified by comparing
the CSO spill points with the districts maps) affected by CSO spills were included. Furthermore,
assumptions of the magnitude of the impact per sector were made based on the results of the local
surveys: 50% impact to restaurants, 25% to retails and 25% to maritime sector (water sport and private
fishing). The daily economic impact obtained by dividing the value added by the number of days of
the bathing season, was finally multiplied by the average number of sea water pollution days (where
the beaches could potentially be closed to bathing) to estimate the potential annual indirect damages
to the coastal economy.

The different GI systems were simulated in both the 1D and the 1D/2D drainage models by
converting the planned GI areas from impervious areas into pervious areas with hydrological losses.
This simplified approach was also used by Velasco et al. [4]. However, to the knowledge of the authors,
this method was not validated with hydrological data and can be a limitation.

The direct damages produced by CSO spills to receiving water bodies were calculated using a
reparation cost method, which assumes that the value of the damage is equal to the cost of repairing
it [34]. The direct damage produced by CSO spills was obtained multiplying the average annual
CSO volume by the unit CSO damage cost of 0.7 €/m3 in Badalona. Instead, in the case of Barcelona
different values were used: 2.69 €/m3 for CSOs to the sea and 1.50 €/m3 to the river and the harbor
according to a Spanish regional normative devised for industrial spills [35]. Another benefit considered
was the reduction of the sewage water to be treated by the wastewater treatment plants (WWTPs).
The monetization of this benefit was calculated as the avoided costs of combined sewer water treatment
that were estimated by multiplying the average treated annual volumes from the urban drainage
model with a selected unit treatment cost of 0.12 €/m3 that is considered reasonable for local WWTPs
based on local expertise. The tangible indirect damages (and the consequent benefits calculated as
avoided damages) to coastal economies were estimated using the pollution time from the sea water
quality model and the coastal economy model explained before.

The additional indirect benefits considered are based on four contributions. The first is aesthetic
value which is monetized as the willingness to pay for properties nearby, or that include green
infrastructure, is measured through the increase of the value of these properties. This value could also
include the increased property taxes acquired by the taxation authorities [8]. In this case, the benefits
were estimated with a benefit transfer method to be the 3% of the CAPEX of GI [22]. The benefits
derived from the reduction of energetic consumption (for indoor heating and cooling) and heat island
effect are quantified using 0.049 €/m2/y per green roof unit surface [24]. Benefits derived from urban
heat island reduction obtained with bioretention cells (that in Barcelona are planned) were not included
and this can be a limitation. The air quality benefits are derived from both emission reduction (of
CO2 and Nox) capacity of GI that was estimated to be 0.072 ton/ha and the cost of emissions of
3051 €/ton [24,36]. The habitat provision was based on the potential increase of urban ecosystems that
support wildlife and it was estimated to be 2.8 €/m2 for both case studies. This was estimated using a
benefit transfer method from a study that assumed the value of habitat creation could be estimated at
15% of the value of natural land [22].
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2.3.3. Net Benefits

The net present value (NPV) is calculated using Equation (1)).

NPV =
T∑

t=1

Bt −Ct

(1 + i)t (1)

where Bt and Ct are the benefits and costs at each year t, i is the discount rate, T is the project
evaluation period.

3. Results

3.1. Costs

Table 1 summarizes CAPEX and OPEX of the green infrastructure proposed in Badalona and
Barcelona. The table shows that in the case of Badalona the total costs are approximately an order of
magnitude lower compared to Barcelona. Barcelona has a bigger area and a much more ambitious
implementation plan compared to Badalona. Further, the total GI costs of Badalona are dominated by
green roofs. This is because green roofs are assumed to be retrofitted onto 5% of the total roof area of
Badalona, whereas infiltration trenches are placed only on 7 different parks and infiltration pavements
on 5 different parks and public squares.

Table 1. CAPEX and OPEX of the analyzed green infrastructure.

Badalona Barcelona

CAPEX [€] OPEX [€/y] CAPEX [€] OPEX [€/y]

Green roofs 14,534,788 405,157 114,752,240 3,342,159
Infiltration trenches 1,783,561 96,150

Permeable pavements 1,739,183 48,311
Bioretention cells 85,509,743 1,357,298

Detention and retention ponds 12,870,000 191,763
TOTAL 18,057,531 549,618 213,131,983 4,891,220

3.2. Benefits

The first step in order to estimate benefits derived from flood damage reduction obtained by
GI implementation is the estimation of EAD for both the BAU and the GI scenarios. Table 2 shows
the EAD results. Generally, the EAD of these two BAU scenarios are considered to be overestimated,
particularly in the case of Barcelona (see the Discussion section). Figure 3 shows the flood damage
costs simulated as a function of different exceedance probabilities for the two case studies. The EAD
that is the area below the curve of Figure 3 was calculated using simple trapezoidal contributions
adopting the linear interpolation between the discrete points represented Figure 3.

Table 2. Flood Expected Annual Damage including both direct and indirect damages.

M€/y

Barcelona
EAD. BAU 62.65

EAD. GI 33.90
Flood damage reduction 28.75

Badalona
EAD. BAU 1.93

EAD. GI 1.86
Flood damage reduction 0.07
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        (a)         (b) 

Figure 3. Flood damage as a function of the exceedance probability for Barcelona (a) and Badalona (b).

Table 3 shows the details of the monetized annual (not discounted) benefits for each of the three
categories proposed and their percentage contribution to the total benefits in Barcelona and Badalona.
The table shows that the benefits derived from reduced combined sewage treatment costs; from reduced
indirect damages to coastal economies; from air quality improvement and from reduction of the urban
heat island effect and energetic consumption are in the range of 0–1%.

Table 3. Annual value of benefits (not discounted).

Barcelona Badalona

Benefit
Category

Description Value [€] Percentage
Aggregated
Percentages

Value [€] Percentage
Aggregated
Percentages

Benefits
derived from
flood damage

reduction

Avoided direct
and indirect

flood damage
costs

28,745,795 56% 56% 66,536 6% 6%

Benefits
derived from
water quality

improvements

Avoided
environmental
damage due to

CSO to
receiving waters

11,876,496 23%

24%

44,306 4%

5%
Avoided cost of
combined waste
water treatment

274,985 1% 945 0%

Avoided
indirect

damages to
coastal

economies

270,474 1% 9043 1%

Additional
benefits

Added aesthetic
value 6,393,959 12%

20%

436,044 40%

89%

Air quality
improvement 71,272 0% 3992 0%

Habitat
provision 4,016,328 8% 508,718 47%

Reduction of
urban heat

island effect and
energy

consumption

85,031 0% 10,770 1%

TOTAL 51,734,342 1,080,354
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Figure 4 provides a graphical representation of the contribution of each of the three benefit
categories proposed to the total benefits. Overall, significant differences are shown in the percentages of
Barcelona and Badalona. In the case of Barcelona, the benefits derived from flood damage reduction are
56% of the total and in Badalona 6%. Additionally, water quality benefits have a larger share in Barcelona
compared to Badalona. This is probably because of the widespread GI implementation of Barcelona
compared to Badalona where a significantly less ambitious GI implementation plan was considered.
A different GI location in Badalona could result in higher water related benefits. Cooper et al. [9] also
looked into the contribution of multiple benefits associated to green infrastructure (considered as a
coastal flood adaptation measure) showing that benefits from reduced residential damages were 69%
of the total, recreational and health benefits 12% and avoided commercial damages 12%.

  
(a) Barcelona (b) Badalona 

Figure 4. Contribution of each of the three different benefit categories to the total green infrastructure
benefits. (a) Barcelona and (b) Badalona.

Figure 5 shows the discounted benefits during the study evaluation period (80 years, from 2020 to
2100 for the considered scenarios). The results show that the benefits reach their maximum when all
GI are implemented: after 20 years in Barcelona and 5 years in Badalona.

  
(a) Barcelona (b) Badalona 

Figure 5. Contributions of the different benefit categories to the total green infrastructure benefits
(Discount rate = 1.23%). (a) Barcelona and (b) Badalona.

3.3. Net benefits

Figure 6 shows the discounted (rate of 1.23%) costs and benefits. Note that the y-axes of Barcelona
is approximately an order of magnitude higher than the Badalona one. This figure helps visualizing
that the ratio between benefits and costs is generally higher in Barcelona compared to Badalona.
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(a) Barcelona (b) Badalona 

Figure 6. Discounted (i = 1.23%) costs and benefits of green infrastructure. (a) Barcelona and
(b) Badalona.

The evaluation period T in this study was selected to be 80 years in both cases. Similar studies
performing CBA for climate change adaptation measures in the context of urban drainage planning
used 90 years [23]; 50 years [7] and 35 years [4].

Figure 7 shows the discounted marginal benefits during the project evaluation period.
Both Barcelona and Badalona and two different discount rates (1.23% and 4%) were applied.
Additionally, three different combinations of benefits are included and shown. First, only benefits
derived from flood damage reduction are included, then flood together with water quality benefits
and finally all benefits from the three categories proposed: flood, water quality and additional benefits.
These three different combinations show that including multiple GI benefits significantly affects the
results and this is relevant for decision making of urban drainage planning. In the case of Barcelona,
the NPV obtained considering only benefits derived from flood damage reduction and a discount
rate of 1.23% (Figure 7a) increases by a factor of 1.74 when including flood and water quality benefits
and by 2.37 when including all the three benefits categories. Instead, with a discount rate of 4.00%
(Figure 7b), the NPV obtained considering only benefits derived from flood damage reduction increases
by a factor of 1.95 when including flood and water quality benefits and by 2.76 when including all the
three benefits categories. In the case of Badalona, the NPV also increases significantly by including
multiple benefits. In this case, factors of increase of NPV are considered misleading because the NPV
is mostly negative. The NPV in Badalona becomes positive only at the last five years of the study
evaluation period (Figure 7c).

In the two cases analyzed in this study two different discount rates were considered: the 1.23%
that was recommended for climate change adaptation projects in the region of Catalonia [37] where
the two considered cities are located and the 4% that was used in another CBA of climate change
adaptation measures of Barcelona [4]. The discount rate is a controversial topic in economic valuation
of policies, in particular in the context of climate change as it involves intergenerational and social
valuation issues (Atkinson et al., 2018). In addition CBA results are very sensitive to the discount rate,
particularly for projects with a long time horizon, where small changes of discount rate can influence
the suggested decisions [38]. High discount rates imply that future economic impacts would have
a lower weight compared to today’s value, and could lead to an underestimation of future benefits
derived from damage reduction measures [39,40]. A CBA of GI for the case study of Melbourne used
1.4% [7] and the range of 1 to 4% for GI Danish case studies of [3,5]. Some literature also proposed
a 1% discount rate (Aaheim, 2010; Lopez, 2008; Stern, 2007). Different public institutions propose
different discount rates. For instance, in Denmark, the Danish Environmental Protection Agency (EPA)
recommended a 3% for environmental projects while the Department of Finance suggested 5% [5].
The US EPA recommended 2–3% while the American office of management and budget proposed
7% [5]. For developing countries the World Bank recommend 10% because of the significant GDP
growth [38,41]. The UK Government proposed 3.5% for project evaluation periods of 1–30 years, 3%
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for 31–75 years, 2.5% for 76–125 years, 2% for 125–200 years, 1.5% for 201–300 years and 1% for larger
periods [42]. Generally, it is recommendable to consider different discount rates in order to quantify
favorable and unfavorable scenarios.

 

  
     (a) Barcelona. i = 1.23%      (b) Barcelona. i = 4.00% 

  
   (c) Badalona. i = 1.23%    (d) Badalona. i = 4.00% 

Figure 7. Accumulated marginal benefits of the proposed green infrastructure including different
benefit categories and two different discount rates. (a) Barcelona with i = 1.23%; (b) Barcelona with
i = 4.00%; (c) Badalona with i = 1.23%; (d) Badalona with i = 4.00%.

The cumulative NPV including all benefits in Barcelona becomes positive after 10 years with a
discount rate of 1.23% (Figure 7a) and after 11 years with a discount rate of 4.0% (Figure 7b). In Badalona
it becomes positive after 75 years with a discount rate of 1.23% (Figure 7c) and it remains negative
with a discount rate of 4.0% (Figure 7d). Overall, the GI planning scenario of Barcelona seems to be a
better socio-economical option compared to inaction. Instead, the GI planning scenario in Badalona
seems to be a worse socio-economical option compared to inaction. Similarly, Zhou et al. [5] presented
several stormwater infiltration scenarios that can be considered as GI scenarios showing positive
NPV at discount rates of 1% and both positive and negative NPV at discount rates of both 3 and
5%. Zhou et al. [23] presented a negative 50th percentile of the NPV of their stormwater infiltration
adaptation scenario. Alves et al. [6] obtained negative NPV for both a green roof and a permeable
pavements adaptation scenario and a positive NPV for rainwater harvesting. Zhou et al. [3] reported a
positive NPV for their stormwater infiltration scenario.
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4. Discussion

This study presented a CBA to evaluate the socio-economic viability of selected GI applied to
two different case studies: Barcelona and Badalona. The results are significantly different among
the two cases: Barcelona has higher NPV compared to Badalona. Additionally, the accumulated
marginal benefits (Figure 7) of Barcelona are mostly positive and become positive after tens of years
compared to Badalona where they are mostly negative during the 80 years project evaluation period.
The dominating GI benefits (Figure 4) in Barcelona are from flood damage reduction while in Badalona
from additional benefits (mostly aesthetic and habitat provision). Direct comparison between the
two case studies is difficult for several reasons: the scale difference (Barcelona is much bigger than
Badalona), the current situation (Barcelona has much higher flood damage costs than Badalona),
the different approaches used to derive CF and the differences of GI planning (Barcelona has an
intensive GI implementation plan while Badalona has a sparse one). The fact of having a sparse
implementation plan that was not devised to solve particular urban water problems might result in the
lower socio-economic performance of the case of Badalona compared to Barcelona. Further comparison
between the results obtained in Badalona and Barcelona is considered out of the scope of this study.

Generally, CBA are sensitive to parameter uncertainty and model assumptions. Therefore,
quantifying uncertainty of NPV estimations of climate change adaptation options is relevant and in
this study only uncertainty related to discount rate was addressed as also done in other studies [9].
Uncertainty is often quantified by analyzing different present and future climate scenarios [4,5,7] and
by analyzing different investment options [3]. Zhou et al. [23], instead of using a scenario approach
where variables are changed individually, quantified the NPV uncertainties using a Monte Carlo
approach to fully explore the propagation of uncertainty from different models and variables choices
to the final NPV. A significant source of uncertainty also comes from the hydrological performance of
GI [43–45].

Additionally, in this study the EAD is considered to be overestimated, particularly for the case of
Barcelona (Table 2) where EAD seems to be high when compared to flood damage compensations
data. From 1996 to 2018, pluvial floods, only in the city of Barcelona, have caused more than EUR
34 million in compensations, for industries, offices, dwellings, vehicles and civil works, according
to the classification adopted by the Spanish Insurance Compensation Consortium (CCS). In 2018,
damages caused by four heavy rainfalls amounted to around EUR 5.5 million. It was the third most
damaging year in terms of insurance indemnifications within the last 22 years. The first two years were
1999 and 2002, which compensations amounted to EUR 7.3 million and EUR 6.5 million respectively.
Such values only include compensations that the CCS paid. Therefore, total damages (including also
indirect damages) are usually higher. Three main contributions were identified to produce the EAD
overestimation:

(a) The hyetographs design storms (for all the considered return periods) were obtained from few
rain gauges and uniformly applied to the whole catchment area in Barcelona. When calculating
flood damages, it can be relevant to use design storms obtained by spatially averaged (over the
catchment area) Intensity Duration Frequency (IDF) curves or multiply the rainfall intensity by
a reduction coefficient that is a function of the catchment area: the larger the area, the lower
the coefficient. In the case of Badalona, the project storm hyetographs presented blocks with
maximum rainfall intensity corresponding to different return periods in order to take into account
the correspondence of the project storms intensities with the observed rainfall data for extreme
events [46].

(b) The discretization used in the flood damage vs exceedance probability curve and the integration
method used to compute EAD (the integral of the flood damage curve over the exceedance
probability domain) introduced a significant numerical error with consequent overestimation,
particularly for the case of Barcelona. Figure 3 showed the flood damage vs exceedance
probability for the case of Barcelona together with the linear interpolation lines that were used
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for the calculation of the area below the curve that corresponds to the EAD. The figure shows
that the selected simulated points might not be enough to properly describe the non-linear
relation between flood damages and exceedance probability, particularly for the case of Barcelona
(Figure 3a) for the range of exceedance probability between 0.1 (10 year return period) and 1
(1 year return period). By introducing new simulation points (for instance at 0.2 exceedance
probability) the EAD (the area below the curve) might significantly reduce [4,47].

Even though the EAD is considered overestimated and two main different causes were identified,
the EADs for Barcelona were not re-calculated as these values were included in the latest drainage
master plan of Barcelona.

5. Conclusions

This study presented a cost-benefit analysis to evaluate the socio-economic viability of GI, which
was considered as a climate change adaptation option in the cities of Badalona and Barcelona. The GI
planning of the two cities is significantly different: Barcelona proposed a widespread GI implementation
plan while Badalona proposed a much lower degree of implementation. CBA is relevant for decision
making of urban drainage planning and is useful for comparing different scenarios: in this case a
business as usual (BAU) and the GI scenario were compared. Multiple benefits derived from GI
implementation were considered and they were grouped into three different categories: benefits
derived from flood damage reduction, from water quality improvements and from additional benefits.
For each categories both direct and indirect tangible (that can be monetized) benefits were defined
and quantified. The largest share of GI benefits in Barcelona was from reduced flood damages (56%),
while in Badalona was from additional benefits like added value of properties and habitat provision
(89%). The GI benefits derived from reduced sewage treatment costs; from reduced indirect damages
to coastal economies; from air quality improvement and from reduction of the heat island effect and
energy consumption resulted in the range of 0–1% playing an insignificant role in the socio-economic
assessment. The calculated cumulative net present value (NPV) in Barcelona became positive after
10–11 years considering all benefits, whereas in Badalona was mostly negative. Overall, this study
presented and quantified how different multiple benefits that can contribute to net present value as
part of CBA. The details provided in this paper guarantee the replicability of the presented CBA to
other case studies.
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Abstract: Urban waters represent a crucial component for the enhancement of urban resilience due
to their importance in cities. Nature-based solutions (NBS) have emerged as sustainable solutions
to contribute to urban resilience in order to meet the challenges of climate change. In order to
promote the use of NBS for increasing urban resilience, tools that demonstrate the value of this type
of solutions over the long-term are required. A performance assessment system provides an adequate
basis for demonstrating this value, as well as for diagnosing the current city situation, selecting
and monitoring the implementation of solutions. Regarding NBS management, some assessment
approaches have been published, focusing on assessing the effectiveness of NBS in the face of
climate change and supporting their design and impact assessment. Nevertheless, an integrated
approach to assess the NBS contribution for urban resilience has not been published. This paper
presents a comprehensive resilience assessment framework (RAF) to evaluate the NBS contribution
for urban resilience, focused on solutions for stormwater management and control. Furthermore,
details on stakeholders’ validation, with focus on the metrics’ relevance and applicability to cities, is
also presented.

Keywords: Ecosystem Services (ES); Nature-Based Solutions (NBS); Resilience Assessment
Framework (RAF); stakeholders’ validation; stormwater management and control; urban resilience

1. Introduction

Climate change has fostered the need to develop and improve urban resilience by promoting a
resilient city’s capabilities to absorb disruption, learn from the past, adapt, transform and prepare for
the future. Resilience emerged as an interesting concept on cities, often theorized as highly complex
adaptive systems [1,2]. Resilience is commonly understood as the capacity of a system to absorb
disturbance and re-organize while undergoing change so as to still retain essentially the same function,
structure, identity and feedbacks [3]. The concept of resilience emerged in the 1960s from the growing
interest in ecology to determine population stability between communities. Resilience emerged as an
interesting perspective on cities, often theorized as highly complex adaptive systems [4–6].

In the urban water cycle, the evolution of the drainage systems followed the evolution of the
resilience concept, from one single point of view (e.g., economic or social resilience) to a broader and
more inclusive definition, encompassing the multiple dimensions of urban resilience. Urban water
services are of fundamental importance in the promotion of urban resilience. Urban waters are
essential to support nature-based solutions (NBS) functions and to ensure the provision of ecosystem
services from NBS, such as air quality improvement or urban heat island mitigation. Evaluating and
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enhancing resilience in the urban water cycle is a crucial step toward more sustainable urban water
management [7].

Historically, the main objectives of urban drainage systems were to ensure efficient management
of peak flows and adequate treatment of polluted waters, aiming to ensure public health and prevent
flooding. More recently, integrated approaches for urban water management emerged and other key
issues were identified for sustainable water management, such as surface and ground water quality,
ecological concerns, and recreational uses [8].

The European Commission defines NBS as actions that aim to helps societies address a variety
of environmental, social and economic challenges in a sustainable way [9]. In essence, NBS can
be defined as living solutions inspired by, continuously supported by and using nature, which are
designed to address several societal challenges in a resource-efficient perspective and to provide
simultaneously economic and environmental benefits [9]. NBS involve actions for conservation or
rehabilitation of natural ecosystems and improvement or creation of natural processes in modified or
artificial ecosystems [10]. Some examples of NBS for stormwater management are infiltration basins,
green roofs, constructed wetlands or swales with vegetation cover, among others.

In the water sector, the NBS concept can be found in technologies such as sustainable urban
drainage systems (SUDSs), which mimic nature to manage stormwater runoff and provide other
services to the urban environment. SUDSs are recognized as one of the main NBS techniques to
improve urban resilience regarding stormwater management. These techniques can also be found with
different designations, such as low impact development (LID), best management practices (BMPs),
and green infrastructures. In this sense, an integrated approach of urban water management that
incorporates a SUDS as a fundamental component is the Water Sensitive Urban Design, originate and
widely applied in Australia. This approach to urban planning and design aims to integrate in the
urban design the various disciplines of engineering and environmental sciences associated with the
provision of water services [11].

To date, several studies were developed focused on the analysis of the resilience and sustainability
enhancement based on SUDS implementation [12,13]. In the UK water sector, SUDSs are increasingly
promoted in order to enhance flood resilience in urbanized areas and its application to increase resilience
has also been studied [14,15]. For example, an approach adopted to quantify the cost-effectiveness of
resilience measures and integrative and adaptable flood management plans was proposed [16].

The European Research and Development Program promotes a large number of projects related
to NBS to increase knowledge and to create technical, political and other conditions for cities
renaturalization. Improving risk management and resilience, using nature-based solutions, represents
one of the mains goals of the EU Research and Innovation agenda [9]. These R&D projects will analyse
several objectives and perspectives, as the improvement of regulatory instruments, the increase of the
natural capital through NBS or the capacity to obtain a more sustainable and resilient urban ecosystem.
In the context of urban resilience, some NBS studies were carried out focusing on some ES enhancement
or on specific challenges, such as urban heat island mitigation [17,18], air quality improvement, climate
mitigation and adaptation [19,20], and water quality improvement [21], among others.

Public participation is becoming increasingly embedded in the decision-making processes [22].
In this sense, several studies highlight the need to ensure a broader stakeholders’ engagement in
the development and implementation of assessment tools [23]. The development of the assessment
process with stakeholders’ collaboration promotes their empowerment and enhance their role in
decision-making processes [24]. Regarding to the assessment process, stakeholders help to highlight
weaknesses, to prioritize interventions and to identify the assessment tools adequacy to diverse
locations. Stakeholders networks on NBS design, planning, and implementation are essential to
ensure the transference of successful approaches between countries, communities and case studies [25].
Several available assessment frameworks include the stakeholders’ participation in the development
and implementation processes [26–28].
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Currently, there is a need to analyse the NBS contribution to urban resilience and to develop tools
that demonstrate the long term value of these solutions [29]. Several frameworks to assess resilience
are being developed, such as the RESCCUE Resilience Assessment Framework (RESCCUE RAF) [26],
the Disaster Resilience scorecard for cities [27], the Arup and Rockefeller city resilience framework [28]
and the USEPA framework [30], among others.

Based on the review of the available resilience assessment frameworks (RAFs), the relevant
attributes for resilience assessment were identified [31]. From this analysis, an RAF needs to i) propose
a multi-dimension methodology that includes subjective and objective information, allowing us to
measure urban resilience in one scale; ii) identify resilience objectives and criteria; iii) use qualitative
and quantitative metrics addressing performance, cost and risk; iv) define reference values and a final
resilience assessment; and v) identify the urban resilience capabilities associated with the proposed
metrics. Additionally, there is a need for the RAF to consider and to allow the assessment of short- and
long-term changes [30].

Regarding specifically the NBS for stormwater management and control, some assessment
frameworks have already been developed, focusing on assessing NBS effectiveness in the face of
climate change [32], supporting the design and impact assessment of the NBS for climate resilience [25]
and to specific urban challenges, such as green space management or air quality [33]. Even though the
NBS assessment frameworks are not directly focused on urban resilience, they may support a specific
assessment framework focused on NBS contribution to urban resilience. To date, a comprehensive
assessment approach has not been published to assess the contribution of NBS to urban resilience.

In this sense, among the several projects analysed, common concerns and knowledge gaps relevant
to the development of a specific RAF for NBS were identified. Based on this analysis, an appropriate
RAF for NBS should assess the following aspects: (i) social, environmental, economic, and governance
dimensions; (ii) spatial and land use planning at the city level; (iii) service and infrastructure
management; (iv) potential capabilities to provide ecosystem services (ES) and to enhance natural
capital and biodiversity; (v) impacts on the surrounding area; (vi) infrastructure implementation and
design, including adequate monitoring and maintenance processes; (vii) infrastructure performance
under normal and stressing condition, considering acute shocks and continuous stresses; and (viii)
infrastructure interdependencies with other urban services.

The main objectives of this paper are to present the methodology adopted for the construction
of an RAF for NBS, as a specific RAF to evaluate the NBS contribution for urban resilience, and the
stakeholders’ validation, with focus on the analysis of relevance and applicability of metrics to cities.
The main innovative contribution of this work is to propose a multidimensional and comprehensive
RAF to assess the NBS contribution for urban resilience, focused on NBS for stormwater management
and control. The proposed framework, driven by resilience objectives and assessment criteria, aims to
integrate the attributes identified for urban resilience assessment and the relevant aspects for the
NBS evaluation.

2. Methodology

2.1. Construction of a Resilience Assessment Framework for NBS

A new methodology for the construction of a specific assessment framework to evaluate the NBS
contribution to urban resilience, with focus on solutions for stormwater management and control,
is presented. The specific NBS considered in the RAF are the following: infiltration basins, green roofs
and walls, vegetated swales, infiltration trenches, and porous pavements. This methodology allows
to develop a multidimensional and comprehensive RAF that considers a broader definition of urban
resilience. The methodology considers objective and subjective information and allows resilience
to be measured on a single scale. As previously mentioned, urban resilience is defined as a city’s
ability to absorb disturbances, learn from the past, adapt, transform and prepare for the future. In this
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sense, the RAF considers five capabilities of a resilient city—namely, absorb, learn, adapt, transform,
and prepare.

The proposed methodology is based on the performance assessment structure proposed by the
ISO 24500 standards [34–36] for water supply and wastewater system management. The ISO 24500
structure is grounded on the definition of objectives, criteria and metrics. In the proposed methodology,
resilience objectives aim to consider the several NBS contributions to urban resilience and the criteria
allow to evaluate several aspects or points of view of the RAF objectives. Metrics are parameters or
functions used to assess the criteria. In order to facilitate the RAF application, objectives were further
grouped into two main dimensions.

The RAF seeks also to ensure the alignment with asset management, taking into consideration
the fundamentals of value of the assets, leadership in service provision, assurance of alignment in the
organization and of resources for effective implementation of a plan, along with the RAF application
in the short and long term [37]. These conditions are incorporated in metric´s definition. The main
attributes for an adequate urban resilience assessment (e.g., metric´s reference values ought to be
defined) and the main aspects to be evaluated in the NBS (e.g., infrastructure management), identified
in the literature review [31], are also considered.

The development of the RAF was performed in five main steps—i) identification of the urban
resilience dimensions in the RAF; ii) definition of objectives, criteria, and metrics (O-C-M); iii) validation
of the O-C-M of the RAF; iv) definition of reference values for each metrics; and v) consolidation of the
RAF. The focus of this paper is on the methodology’s first four steps.

2.2. Step 1: Identification of the Urban Resilience Dimensions in the RAF

Based on the existing literature review, the main areas that contribute to urban resilience (e.g., social
and environmental areas) and the several aspects for an appropriate NBS assessment were identified
(e.g., impact on the surrounding area). The main areas identified as well as aspects for NBS assessment
were incorporated into resilience dimensions. Dimensions were also defined in order to combine
similar levels of assessment. Two resilience dimensions were identified in the RAF. The first dimension
addresses the assessment of resilience at the city level, and the second dimension is focused on the
assessment of resilience at NBS level.

2.3. Step 2: Definition of Objectives, Criteria and Metrics

In the second step, urban resilience objectives, criteria and metrics were identified. Resilience has
to be a tangible concept that cities are able to understand and measure, in order to build robust strategies
and prioritize investments. The assessment of the RAF framework considers NBS performance by
evaluating the contribution of these solutions at city, service, and infrastructure levels. In this way,
it will be possible to identify how, when and where to act first in case of incipient resilience.

The resilience objectives highlight the several NBS contributions to urban resilience. The resilience
criteria cover the aspects or points of view that evaluate the achievement of the objectives. The proposed
metrics allow a clear assessment of the criteria, supporting the definition of explicit targets and
monitoring of results. The use of quantitative and qualitative metrics allows the incorporation and
evaluation of objective and subjective information, covering a more comprehensive definition of
urban resilience.

The RAF includes metrics that assess performance, cost and risk of the NBS in accordance with
the standard EN 752:2008 [38]. In metrics’ definition, the related urban resilience capabilities (e.g., to be
prepared) are identified. The metrics determination can resort to data from different sources and
complexity, allowing the RAF application by cities with different information maturity. The RAF
includes metrics with three levels of complexity—based on the existing data in the city (data based),
based on a procedure defined for specific metrics (procedure based), or based on results from a
mathematical model (model based). The method for metric determination and the specification of the
required information was defined in this step.
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2.4. Step 3: Validation of the Objectives, Criteria, and Metrics of the RAF

In this step, the RAF was submitted to stakeholders to identify knowledge gaps and improvement
opportunities. The RAF validation includes the involvement and participation of stakeholders with
different contexts, in a different resilience development level and with diverse NBS in the city, as water
utilities or municipalities. The proposed dimensions, resilience objectives, criteria, and metrics were
analysed with the stakeholders during working sessions. Metrics determination for participating
cites and case studies is also carried in this step, taking into consideration the available information.
In addition, a survey was conducted to determine the RAF metrics’ relevance and the feasibility of
application to their own cities.

The validation step includes (i) RAF submission to stakeholders to identify improvement
opportunities and gaps, (ii) RAF application to participating cities, (iii) determination of metrics
relevance and feasibility of application to cities, and (iv) complete RAF application to case studies.

Seven participating cities have contributed to the RAF validation steps—namely, Almada
(Portugal), Coimbra (Portugal), Lisbon (Portugal), Porto (Portugal), Barcelona (Spain), Bristol (the
United Kingdom), and Vancouver (Canada). The participating cities present different challenges
regarding urban resilience and NBS. The participation of cities allows to validate the RAF taking
into consideration different international and urban context, city dimension and management,
NBS management (e.g., private, public), social involvement, and awareness, among other factors.
Stakeholders from water utilities, municipal council and private organisation participated in the
working sessions. A total of eight organizations validated the RAF.

2.5. Step 4: Definition of Reference Values for Each Metric

Reference values for each metric were defined to assess the NBS contribution to urban resilience
on a normalized scale. The definition of reference values was based on existing literature review,
regulations, standards and available assessment frameworks. An overall assessment will be proposed
to measure the NBS contribution to urban resilience.

Reference values allow metric´s classifications by means of a judgment (e.g., satisfactory or
unsatisfactory performance). Comparing the results of a metric with its reference values allow to
pinpoint the existing problems and to monitor the implemented solutions.

2.6. Complementary Profile

A complementary profile of the city needs to be established prior to the application of the
methodology. This profile is intended to collect the characteristics of the city, of the NBS management
service, and of the existing NBS under assessment. Specific information (e.g., urban context) is
also detailed.

3. Resilience Assessment Framework for NBS

3.1. Overall RAF Structure

The RAF is structured in two resilience dimensions, namely “Integration of NBS in the city”
(Dimension I) and “Operation and services of NBS” (Dimension II). A set of 10 resilience objectives is
proposed in the RAF. Dimension I considers four objectives and 12 criteria. Dimension II considers six
objectives and 13 criteria. A set of 71 metrics is proposed, divided in 34 metrics for Dimension I and 37
metrics for Dimension II. In Dimension I, 24 data based and 10 procedure based metrics are proposed.
In Dimension II, 25 data based, three procedure based, and nine model based metrics are considered.
Figure 1 presents the RAF dimensions, objectives, and criteria.
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(a) Dimension I—Integration of NBS in the city 

 
(b) Dimension II—Operation and service of NBS 

Figure 1. Resilience assessment framework (RAF) objectives and criteria for (a) first and (b) second
dimension, specifying the source of information required for metrics determination, by criterion.

3.2. Urban Resilience Dimensions (Step 1)

The resilience assessment proposal aims to evaluate the NBS contribution for urban resilience,
focused on NBS for stormwater management and control. This RAF aims to support the diagnosis,
decision-making, implementation, planning and management of the NBS and to identify solutions
with potential to contribute to city resilience. Based on the identified attributes for resilience assessment
and aspects for NBS evaluation, two dimensions are defined in the RAF.

Dimension I aims to assess the integration of NBS in the city governance and stakeholder
involvement, economic sustainability and social involvement, as well as NBS contribution to the
environmental resilience. The contribution of the NBS for urban resilience is assessed at the city level
in this dimension.

Dimension II aims to assess the adequacy of the NBS to urban planning, the NBS functioning,
regarding service management (e.g., service articulation between entities, allocation of financial and
technical resources), its consequences in the surrounding area (e.g., ES improvement, flooded area,
affected buildings), and the performance of the infrastructure. In this dimension, the NBS adequacy
regarding urban, functional and physical components is assessed at the NBS level. Some objectives of
the functional and physical components can be evaluated considering all NBS in the city or just some
specific NBS.
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3.3. Objectives, Criteria, and Metrics (Step 2)

The objectives aim to consider the several NBS contributions to urban resilience [20]. In this
sense, the proposed resilience objectives consider the relevant governance, environmental, social and
economic concerns and the main aspects of the city, service and infrastructure required to assess
this contribution.

The resilience objectives of the Dimension I are focused on the NBS contribution to the social,
environmental, economic, and governance aspects at the city level. These objectives aim to ensure city
preparedness for governance, planning and financial aspects of the NBS. Also, these objectives aim to
guarantee the NBS capabilities to promote green jobs, social co-benefits and ES, preparing the city for
future impacts. The proposed objectives for this dimension are detailed as follows:

• Objective 1—Governance and stakeholders’ involvement aims to ensure NBS planning at city
level and the stakeholders’ awareness and involvement. The criteria associated with this objective
are the NBS planning at the city level and the stakeholder awareness and involvement. The
criteria assess the governance component at city level, evaluating the adequacy of the NBS
planning, the identification of the risk, identification of ES and protective infrastructure and the
NBS alignment with ES. The proposed criteria also assess the stakeholders’ engagement, the
community involvement in the NBS processes (e.g., planning, decision making) and the existence
of awareness campaigns.

• Objective 2—Economic sustainability aims to ensure financial capacity related to NBS and potential
economic opportunities. The proposed criteria for this objective are the public finance and the
economic opportunities. The criteria assess the existence of a specific budget for NBS, identify the
monitoring and maintenance annual costs and assess the development of initiatives to promote
the NBS in households. Concerning the economic opportunities, the criteria identify the creation
of new green jobs, business and activities and tourism enhancement by NBS.

• Objective 3—Social involvement and co-benefits aims to ensure the citizen involvement,
accessibility to NBS and social co-benefits. The proposed criteria for this objective are the
citizens’ engagement, NBS accessibility and the social co-benefits. The proposed criteria assess
the citizens’ engagement to NBS, the public accessibility and the NBS distribution. The proposed
criteria also assess the main ES provision related to social co-benefits (e.g., urban heat island
mitigation, health and well-being co-benefits).

• Objective 4—Environmental resilience aims to ensure the ES provision from NBS, relating to the
environmental component. The proposed criteria for this objective are the fresh water provision,
the local air quality regulation, the moderation of extreme events, the water treatment, the erosion
prevention and maintenance of soil fertility and the habitats for species promotion. The capabilities
of the NBS to provide ES are evaluated.

The resilience objectives of the Dimension II pretend to ensure the adequacy of the spatial planning
and both service and infrastructure management at the NBS level. These objectives question the
preparedness and adaptation of the urban planning and the integrated service management to NBS. In
this sense, an adequate integration of these solutions in the risk identification, land use planning, and
city policy are aimed at. Furthermore, these objectives aim to assure the capability of the city to absorb
disturbance, transform itself and prepare for future scenarios, based on the existing NBS. The proposed
objectives for this dimension are detailed as follows:

• Objective 5—Spatial planning aims to ensure hazard and exposure mapping and NBS identification
in land use planning and risk areas at city level. The proposed criteria for this objective are hazard
and exposure mapping and land use and NBS inclusion. These criteria assess the existence of
updated hazard maps, the NBS identification on risk areas and their inclusion on the land use
planning. Also, the NBS inclusion on major urban development and projects by policy is assessed.

• Objective 6—Service management aims to ensure the integrated management of the service and
its articulation and the adequacy of competences and resources. The proposed criteria for this
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objective are the service management and planning and the resources availability and adequacy.
These criteria assess the existence of an integrated management for NBS and of an articulation
and exchange of information between entities. Regarding available resources, the existence of
adequate competences and of a specific entity in charge, with appropriate financial and technical
resources, are also assessed.

• Objective 7—Resilience engaged service aims to ensure service flexibility, disaster response and
service reliability. The proposed criteria for this objective are the flexible service, the scenarios
relevance for disaster response and the reliable service. As regards to flexible service, this criterion
assesses the ES improvement and water reuse. Moreover, an adequate disaster response is
assessed through the definition of relevant scenarios for heat wave, flooding and droughts. These
criteria also assess the reliability of the service by minimizing the impact in the surrounding areas
(e.g., flooding, critical location).

• Objective 8—Infrastructure safety and robustness aims to identify the criticality of the infrastructure
and ensure the infrastructure assets’ robustness, monitoring and maintenance. The proposed
criteria for this objective are the infrastructure assets criticality and protection, the infrastructure
assets robustness and the infrastructure monitoring and maintenance. The proposed criteria
assess the identification of the critical components and the implementation of protective buffers.
Regarding the infrastructure assets robustness, this criterion assesses the hydraulic and water
quality performance regarding the infrastructure design conditions. Also, criteria assess the
development and implementation of monitoring and maintenance plans, identified variables and
other relevance aspects to be monitored and controlled.

• Objective 9—Infrastructure preparedness aims to ensure infrastructure preparedness to recover
and buildback after a disruptive event. The proposed criterion for this objective is the infrastructure
preparedness for recovery and buildback, which assess the infrastructure preparedness in the
face of short and long-term changes, by addressing the impacts related to acute shocks and to
continuous or chronic stresses.

• Objective 10—Infrastructure dependence and autonomy aims to identify the dependencies between
other urban services and NBS infrastructure and the NBS autonomy. The proposed criteria for
this objective are the infrastructure dependence and the infrastructure autonomy. In this sense,
the criteria assess NBS dependencies from other services, the infrastructure of other services
dependent on NBS, and the identification of the NBS infrastructure´s autonomy.

In order to allow for an objective assessment of each criterion, specific metrics were defined,
including both quantitative and qualitative metrics. Metric selection seeks to properly evaluate
the proposed criteria, taking into consideration that the metrics are interrelated. It is necessary to
understand how they provide comprehensive information on the resilience maturity. The determination
of the metrics in the Dimension I presents a higher feasibility of application, since most are data
based and only some metrics are procedure based. The Dimension II presents greater complexity
because it is necessary to develop a mathematical model of the NBS’s hydraulic behaviour for proposed
model-based metrics. Due to the high number of proposed metrics, they cannot be detailed in this
manuscript. All objectives, criteria and corresponding metrics are supplied in the supplementary
material (Table S1).

3.4. Validation of the RAF (Step 3)

RAF validation by the stakeholders provide the opportunity to contribute to adjust metrics’
definition, to identify relevant sources of information for metrics’ determination and test the assessment
approach adequacy to different development levels of urban resilience. With this approach, stakeholders’
contributions allow to consolidate the RAF, particularly, the proposed metrics and reference values.

This section presents an analysis of the metrics’ relevance and feasibility of application to cities
based on the stakeholders’ opinion. According to [39], metrics’ relevance was classified considering
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three levels—(i) essential, which should be integrated in the assessment of any city (essential for
all cities); (ii) complementary, when the assessment corresponds to an intermediate level; and (iii)
comprehensive, when the purpose is to make an in-depth assessment of the city. According to the
feasibility of application, metrics were classified as high, medium, and low feasibility. Figure 2 presents
the responses to metrics relevance and feasibility of application to cities, aggregated at the criterion
level. Detailed responses for each metric are presented in Appendix A.

 

(a) Metrics’ relevance (b) Feasibility of application to cities 

(c) Responses to metrics relevance and feasibility of application to cities, aggregated at criterion level 

0% 50% 100%

NBS PLANNING AT THE CITY LEVEL - 3 METRICS
STAKEHOLDERS AWARENESS AND INVOLVEMENT - 3 …

PUBLIC FINANCE - 4 METRICS
ECONOMIC OPPORTUNITIES - 3 METRICS

CITIZENS ENGAGEMENT AND ACCESSIBILITY TO NBS -…
SOCIAL CO-BENEFITS - 4 METRICS

FRESH WATER PROVISION - 1 METRICS
LOCAL AIR QUALITY REGULATION - 3 METRICS

MODERATION OF EXTREME EVENTS - 3 METRICS
WATER TREATMENT - 3 METRICS

EROSION PREVENTION AND MAINTENANCE OF SOIL…
HABITATS FOR SPECIES PROMOTION - 2 METRICS
HAZARD AND EXPOSURE MAPPING - 2 METRICS

LAND USE AND NBS INCLUSION - 2 METRICS
SERVICE MANAGEMENT AND PLANNING - 2 METRICS

RESOURCES AVAILABILITY AND ADEQUACY - 2 METRICS
FLEXIBLE SERVICE - 3 METRICS

SCENARIOS RELEVANCE FOR DISASTER RESPONSE - 2 …
RELIABLE SERVICE - 5 METRICS

INFRASTRUCTURE ASSETS CRITICALITY AND…
INFRASTRUCTURE ASSETS ROBUSTNESS - 6 METRICS

INFRASTRUCTURE MONITORING AND MAINTENANCE -…
INFRASTRUCTURE PREPAREDNESS FOR RECOVERY AND…

INFRASTRUCTURE DEPENDENCE - 2 METRICS
INFRASTRUCTURE AUTONOMY - 3 METRICS

FEASIBILITY OF APPLICATION TO CITIES

High Medium Low
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WATER TREATMENT - 3 METRICS

EROSION PREVENTION AND MAINTENANCE OF SOIL FERTILITY - 2 METRICS
HABITATS FOR SPECIES PROMOTION - 2 METRICS
HAZARD AND EXPOSURE MAPPING - 2 METRICS
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INFRASTRUCTURE ASSETS CRITICALITY AND PROTECTION - 2 METRICS
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INFRASTRUCTURE MONITORING AND MAINTENANCE - 4 METRICS
INFRASTRUCTURE PREPAREDNESS FOR RECOVERY AND BUILDBACK - 3 METRICS
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Figure 2. Stakeholders’ opinion regarding metrics’ relevance and feasibility of application to cities.

Considering an overview of the metrics relevance, 63% and 32% are considered essential and
complementary, respectively (Figure 2a). Only 4% of the metrics are classified as comprehensive.
In terms of the feasibility of application, 79% and 10% of the metrics are considered to have high and
medium feasibility application to cities, respectively (Figure 2b). Nevertheless, 11% of the RAF metrics
are considered with low feasibility of application. The responses to metrics relevance and feasibility of
application to cities, aggregated at the criterion level (Figure 2), confirm the conclusions obtained for
the overall results, aggregated for the whole RAF (Figure 2a,b).

These results highlight the relevance of the selected metrics and, consequently, the assessment
criteria defined in the resilience assessment proposal. In addition, the stakeholders’ opinion regarding
the feasibility of application provided the opportunity to identify which metrics are more suitable for a
city depending on its resilience development level. In this sense, the stakeholders’ opinion supported
the selection of metrics to be considered in the RAF according to different resilience development levels.
Recommendations will be further proposed in setting a tailored roadmap for the RAF application to
the city with a preselection of metrics depending on the city´s resilience development level.
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3.5. Reference Values (Step 4)

The classification of the metrics’ result is made by associating each answer to a resilience
development level, related to the reference values. The metric results are classified as (i) incipient
(non-existent or at early stage of development); (ii) progressing (significant steps have already been
taken); and (iii) advanced (consolidated results). The assessment of each metric is made according to
reference values, defined from an extensive literature review on each metric. A resilience development
level between 0 and 3 is then assigned, based on reference values, namely (i) incipient [0, 1], progressing
[1, 2], and advanced [2, 3, 26].

Given the RAF structure (Figure 1), the results of the metrics contained in each criterion might be
averaged to a criterion resilience development level, and further on, upwards to an objective and then
to a dimension development level. Table 1 presents examples of three metrics, their reference values
and the set of references used to support them.

Table 1. Examples of data, procedure, and model-based metrics and corresponding reference values
proposed in the RAF for nature-based solutions (NBS).

Objective
Criterion

(Metric Type)
Metric Reference values References

Social involvement
and co-benefits

Citizens
engagement and

accessibility to NBS
(DB*)

NBS distribution
Are NBS scattered in the city?

3) Yes, NBS are scattered in
the city, existing one or more
NBS in each neighbourhood;

2) Yes, NBS are partially
scattered in the city but they

don’t exist in every
neighbourhood;

1) No, a significant number
of NBS (with an area higher

than 0.25ha) are
concentrated in a few

location or 50% of NBS area
corresponds to one NBS;

[25]
[40]
[41]
[42]

Environmental
resilience

Local air quality
regulation

(PB)

Carbon sequestration and storage
Is a carbon sequestration and

storage increase expected due to
NBS implementation?

3) Yes, above 60 t/ha;
2) Yes, between 10 and 60

t/ha;
1) Yes, less than 10 t/ha;

0) No.

[43]
[44]
[45]
[46]
[47]
[48]

Resilience engaged
service

Reliable service
(MB)

Flooded area
[Maximum flooding area,

related to stormwater drainage
problems / area of NBS urban

catchment] x 100

3) No flooded areas;
2) Less than or equal to 2.5%

area is flooded;
1) More than 2.5% and less

than 5% area is flooded;
(0) More than or equal to 5%

and less than 10% area is
flooded.

[27]
[49]
[50]

* DB: Data based, PB: Procedure based, MB: Model based.

4. Conclusions

This paper presents the methodology adopted for the construction of a RAF to assess NBS
contribution to urban resilience and the developed structure of the RAF for NBS, focused on solutions
for stormwater management and control. This resilience assessment proposal ensures the evaluation
of the main attributes of the urban resilience and the relevant aspects for the NBS evaluation. The RAF
aims to support NBS diagnosis and to assist decision-making in its planning, implementation, and
management. Also, this framework allows to identify NBS with potential to contribute to city resilience.

The determination of the metrics relevance and feasibility of application to cities is a fundamental
step in the validation step. Considering the metrics relevance, the stakeholders’ opinion allowed
to conclude that most metrics are considered essential for the assessment of the NBS contribution
for urban resilience. Regarding the feasibility of application, a higher variability in the stakeholders’
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responses was obtained. As expected, procedure and model based metrics were labelled as medium or
low feasibility of application, mainly at the service and infrastructure level.

In this sense, the criteria identified as with lower feasibility of application correspond to the
following criteria: (i) flexible service, (ii) reliable service, and (iii) infrastructure preparedness for
recovery and buildback. Regarding the flexible service criterion, the lower feasibility of application
is due to the lack of awareness of ES and the difficulties related to the use of the NBS retained
water for other purposes, at city level. From another hand, the lower feasibility of application of the
reliable service and infrastructure preparedness for recovery and buildback criteria is because metric
determination is carried out based on a mathematical model.

The stakeholders’ participation highlighted the relevance of each metric and criteria defined in
the RAF. Stakeholders’ opinion allowed to identify the RAF adequacy to diverse city maturity levels
and helps to select adequate metrics for the cities according to the urban resilience development level.
Based on this analysis, the consolidation of metrics definition and required data will be carried out.

The RAF consolidation will be carried out after its complete application to the case study. In this
step, the metrics’ definition and the required information will be verified. In this sense, future work
will focus on the consolidation of the RAF and on the proposal of a roadmap for the RAF application to
any city.

The RAF application should follow the proposed roadmap and consider pre-selected metrics.
The pre-selected metrics and the required information depend of the urban resilience development
(incipient, progressing, advanced). For example, only for cites with advanced urban resilience
development the model based metrics will be determined, and, consequently, the information provided
by the mathematical model, which is more detailed and difficult to obtain, will be required.

The determination of the RAF will be carried out by a multidisciplinary team composed by human
resources of the entities in charge of NBS management, stormwater management services and green
space management. The RAF can be applied to assess the contribution to urban resilience of all existing
NBS in the city, a group of NBS or a specific NBS. For this reason, the NBS under assessment should be
identified in the complementary profile.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/6/2537/s1.
Table S1. Objective, criteria, and metric of Dimension I “Integration of NBS in the city”.; Table S2. Objective,
criteria, and metric of Dimension II “Operation and service of NBS”.
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Appendix A

Figure A1. Stakeholders’ opinion regarding the metrics relevance and feasibility of application to their
own city at the metric level.
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Abstract: In the current context of fast innovation in the field of urban resilience against extreme
weather events, it is becoming more challenging for decision-makers to recognize the most beneficial
adaptation measures for their cities. Detailed assessment of multiple measures is resource-consuming
and requires specific expertise, which is not always available. To tackle these issues, in the context of
the H2020 project RESCCUE (RESilience to cope with Climate Change in Urban arEas), a methodology
to effectively prioritize adaptation measures against extreme rainfall-related hazards in urban areas
has been developed. It follows a multi-phase structure to progressively narrow down the list of
potential measures. It begins using less resource-intensive techniques, to finally focus on the in-depth
analysis on a narrower selection of measures. It involves evaluation of risks, costs, and welfare
impacts, with strong focus on stakeholders’ participation through the entire process. The methodology
is adaptable to different contexts and objectives and has been tested in two case studies across Europe,
namely Barcelona and Bristol.

Keywords: climate change adaptation; climate risk; socio-economic assessment; urban resilience

1. Introduction

There is an increasing movement of local policy-makers to act against climate change, urging to
adapt their cities and improve their resilience with suitable policies [1]. Designing and implementing
general local-scale policies requires multidisciplinary studies and taking broad assumptions to address
uncertainties, in order to maximize the welfare associated with a desirable outcome, such as improving
public transport [2]. Climate change adaptation policy making has additional complexities. In the
design phase, which is the scope of this paper, there are uncertainties related to climate predictions,
vulnerability, and risk impacts, as well as socio-economic, technological, and environmental future
trends that complicate the understanding of the potential outcome of a measure [3]. In addition, they
have a cross-sectoral nature and diversity in terms of typology (e.g., structural, nature-based, or digital),
scales (from a building to national scale), and timescales (short, medium, and long term) [3]. These
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complexities undermine measures’ assessment results that consider only one criterion. Therefore, a
systematic prioritization assessment is required in order to support the selection of the most suitable
set of measures for each city under a changing climate context.

The purpose of the assessment of climate change adaptation measures is to minimize the degree
of uncertainty when selecting policies that reduce the impacts of the changing climate [2]. For this
purpose, technical and economic assessment approaches are usually considered (or a combination
of them), as they provide relevant information about the costs and expected physical effects of the
measures. However, in general, the degree of uncertainty of the results is linked to data availability
and specific technical expertise to carry out detailed assessments. Therefore, when selecting a method,
such limiting factors (i.e., data and skills availability) should be considered.

The present work has been developed in the context of the H2020 project RESCCUE [4], where
a number of innovative models and tools were developed in order to help urban areas to become
more resilient to climate change. One of the tools is the present methodology that aims to facilitate the
ranking of all available adaptation measures considering the particularities of each city. Results are
presented for Bristol and Barcelona (Figure 1), two of the three case study cities, to display the different
approaches taken by each city.

Figure 1. Location of the two cities where the methodology has been applied: (a) Bristol, United
Kingdom and (b) Barcelona, Spain.

Section 2 summarizes the main methods used to evaluate adaptation measures. Section 3
starts with a brief description of the key terminology, and it is followed by the description of the
methodological approach, presented by stages. Main methodological differences between Barcelona
and Bristol studies are presented in order to compare the different approaches taken. The results for
both case studies—Section 4—are also divided by stages. In the discussion, results are commented, as
well as the main challenges found when applying the methodology and recommendations for further
application of the methodology. The conclusion summarizes the main results.
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2. Literature Review

A deep analysis of the most relevant methods in the field was carried out to understand the
potential applicability to the context of the project RESCCUE [4]. A brief description of them is
presented in order to provide context.

• Cost-effectiveness analysis (CEA) is a simple method that offers guidance to rank different
alternatives, providing a ratio of necessary investment to achieve a unit of effectiveness (to be
selected based on a pre-set objective) [5]. It is attractive as it can quickly scan and rank different
options whose benefits are not easily measurable. Although it has limitations on assessing whether
the policies are “worth doing”, in the sense that it does not determine whether benefits are greater
than costs [6] and lacks the capacity to identify non-direct impacts [7].

• Multi-criteria analysis (MCA) is a multi-step method based on the synthesis of already existing
assessment studies [3]. It has diverse forms, but the general MCA method uses a scoring system
to determine the potential accomplishment of a policy objective, giving weights (allocated by
experts) to the different indicators included, previously normalized [8]. The major benefit is
the possibility to assess variables of different nature and scales into the same framework (i.e.,
monetary, quantitative, or qualitative data). This is at the same time its major disadvantage, as
trying to simplify and normalize different units and criteria can lead to a loss of accuracy [9].
Another characteristic of MCA is the consideration of multiple stakeholders in the evaluation
process of indicators that are not measurable with quantitative data. If participants are impartial
experts in relevant fields, results will be relevant, otherwise the scores risk being biased [6].

• Risks reduction assessment involves assessing either the health or environmental risks (or both)
attached to a policy or project [6]. It is a valuable method for urban adaptation and mitigation
appraisals as it is based in the concept of the disaster risk triangle (hazard, vulnerability, and
exposure) [10]. It provides detailed results in terms of probability of damage for the selected
return periods for the design storms, which facilitate the estimation of the potential damage
reduction indicators compared to the do-nothing option [11]. A significant disadvantage of the
method is its high time resources and specialized personnel requirements.

• Cost-benefit analysis (CBA) is a popular method to appraise the expected net results of different
investment or policy options. It considers all costs and resulting benefits through the project or
policy life, including economic (actual revenues and costs), social, and environmental changes
derived from their implementation, through different available monetization methods [6]. In
addition, in the context of natural hazards, this monetization usually implies consideration of risk
reduction efficiency.

In order to address these challenges, the methodology was designed taking the most relevant parts
of each method. It follows an MCA approach on its structure, to accomplish a gradual down-selection
process. The initial “wish list” of measures is assessed and ranked in a first stage using the CEA method
and co-benefits scoring, since they require less resources (time and expertise). After a first selection
based on the initial results, most of the efforts are put in the last steps where only a small number
of measures are studied in detail. The detailed assessment consists in exhaustive risk assessment
and CBA.

3. Methodology

The proposed prioritization methodology was developed to offer a flexible approach, able to
adapt to different urban contexts. The balance between expertise, resources requirements, accuracy,
and replicability of results was an important consideration during the design process. The capacity of
the methodology to allow for different levels of detail was also considered, due to the diverse data
availability, which normally limits the assessment potential. Meeting these requirements was made
possible by developing a method that followed the principles of MCA, in the sense that it (i) gives
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relevance to stakeholder decisions; (ii) uses normalized quantitative and qualitative indicators through
a scoring system; (iii) is able to rank options with different goals [9]; and (iv) offers a multi-phase
analysis approach. The phases are composed by combinations of assessment methods, ordered from
coarser to more detailed assessments. The first stage includes a CEA and co-benefits scoring assessment,
whereas the following phase is based on more detailed assessments—risks reduction assessment and
CBA. In addition, the methodology proposes several variables to rank results that help decision-makers
to downselect the most suitable measures for their specific policy goals. An introductory diagram of the
methodology is available in Figure 2, which will be further explained in this section. In addition, the
key terminology employed in the present methodology and the stages proposed to apply it is presented.

Figure 2. Outline of the methodology stages and outputs.

3.1. Key Terminology

The main terminology comprised in the proposed prioritization method could be summarized
as follows:

1. Adaptation strategies are understood as sets of measures that aim to tackle one concrete issue
related to climate change adaptation. Measures contain specific actions targeted to address a
problem within the scope of the strategy they belong to. It means that a measure can be displayed
in more than one strategy, because it tackles more than one problem (e.g., green areas could
support flooding control and air pollution strategies).

2. Initial and recurrent investments of each measure are required. As it is an ad-hoc analysis, costs
are expected to be estimates transferred from similar actions in different locations, scaled to the
new location’s size. It can be done using unitary values (€/m2), and GDP to adjust through
the purchasing power parity index [12] and exchange rate if necessary. For accuracy purposes,
researchers should always try to find budget references from sites as similar to the research site
as possible.

3. Economic, social, and environmental co-benefits are those benefits or positive effects generated
in parallel to the main objective of the policy [13], understood as the specific climate change
adaptation goal. Specific indicators for each co-benefit category, are presented in Table 1 below.
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The quantification and monetization of co-benefits is surrounded by uncertainty [14], thus
co-benefits were accounted for using a specific scoring system evaluated by experts from diverse
disciplines in each case study. This method also involves uncertainty, but the method is less
time-consuming and considers local knowledge.

4. An effectiveness indicator helps to assess the success of the resources used in achieving the
objective of each measure [15]. It is important to select one that is valid across measures of
different characteristics, and that requires available information. The effectiveness indicator
selected in the present study is the reduction of downtime of urban services after an extreme
weather event—recovery time reduction. This indicator provides information about the duration
of modeled floods scenarios, and if scenarios with and without measures are compared, the
variation of recovery time can be used as an effectiveness indicator.

5. Climate risks reduction is understood as a percentage of high-risk area reduced, may be used as
an indicator of the adaptation effectiveness. The higher the number of risks assessed, the more
comprehensive the prioritization of adaptation measures would be. Risks, such as the stability of
pedestrians or vehicles exposed to water flows and damages caused to properties and vehicles,
have been assessed among the case studies presented herein. Results are sought for both the
business as usual scenario and the scenarios where adaptation measures are implemented.

Table 1. Representation of the categories of co-benefits and their indicators scored from 0 to 10 with
expert judgement.

Economic Social Environmental

Cost savings Reduced mortality impacts Improved air quality

Reduced energy losses Reduced health impacts Improved water quantity

Job creation Reduced mortality from diseases Reduced aquifer depletion

Possible reduction in prices Enhanced public amenity Reduced water pollution

Increased labor productivity Reduced impacts on vulnerable
groups Reduced land contamination

Increased economic production
Reduced number of

householder/business forced from
home/workplace

Improved biodiversity and ecosystems

Increased property values Social inclusion Maintained and increased green space

Reduced environmental impacts
through associated awareness

Increased biodiversity and ecosystem
services

Effective/uninterrupted water collection
and security

Erosion control

Average (economic) =
∑

Scores/number of indicators (n = 7)
Average (social) =

∑
Scores/number of indicators (n = 7)

Average (environmental) =
∑

Scores/number of indicators (n = 11)

3.2. Stage 1: Problem Characterization

The first step was to identify the most pressing bio-physical and socio-economic issues [16].
Climate change scenarios and their impacts on the cities under study were required. In most large
European cities, climate change predictions are available [17] and climate plans that address their
major concerns with regards to climate change adaptation and/or mitigation [1].

In the current case studies, the downscaled climate-model projections used were developed by
the FIC (Climate Research Foundation) [18], while Bristol used also climate data derived from UK
Climate Change Projections 2009 (UKCP09) [19]. Local climate action plans were considered, as well
as the conclusions from local workshops conducted to address the most pressing issues identified by
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stakeholder engagement in each site. A common workshop structure was proposed and followed by
each city, adapting details according to their specific needs, such as the number and background of
members. The main structure followed in the first workshop included context introduction, a discussion
among partners regarding the approaches taken, strategies to be included, and the prioritization
method to follow. The second workshop focused on reviewing the expected outcomes in terms of
hazard reduction and the presentation and discussion of detailed strategies already identified by the
city council.

The outcome, presented in the results section, was a selection of the extreme events and hazards
to address and the development of a longlist of measures that are expected to alleviate the impacts of
the former).

The second step consisted in selecting and applying a categorizing criterion to create strategies
that are aligned with the objectives sought. In the context of urban services, the following options
were proposed:

• By type of hazard (e.g., flooding events and droughts);
• By specific urban service targeted (e.g., transport, energy, and water supply);
• By type of measure (e.g., engineering, nature-based, or technological).

Researchers of the Barcelona case study decided to categorize strategies by the type of hazard they
targeted, namely pluvial flooding and Combined Sewer Overflow (CSO), according to the objective
of the city’s stakeholders to focus on the reduction of those impacts. Similarly, the Bristol case study
chose to categorize strategies by the predominant hazards identified in the city, which were pluvial
and fluvial flooding and CSO events. These issues were forecasted to cause significant disruption to
many aspects of the communities, in particular to the transport network, power supply, and properties
located in high-risk areas.

This classification permits comparison of measures that “compete” against each other to alleviate
one specific hazard instead of an overall prioritization of measures earmarked for different issues.

3.3. Stage 2: Preliminary Rank of Adaptation Measures

The preliminary assessment phase served as an overall screening of the extensive list of adaptation
measures considering cost, effectiveness, and welfare aspects. The process involved the ranking of
the weighted output of the application of cost-effectiveness analysis (CEA) and the assessment of
co-benefits for each measure within a given strategy.

First, the CEA served as comparative assessment of different options that aim to achieve a given
objective not measurable in monetary terms [20]. It did so by assessing alternatives in terms of the cost
per unit of benefit delivered. In the RESCCUE context, the objective was to increase a city’s resilience
through the reduction of the floods and CSO spills impacts. The effectiveness of the consecution
of this objective was measured through the variation of the recovery time (VRT) from a modeled
climate-related event. The recovery time was based on a 1D/2D hydrodynamic model developed
to simulate floods in the assessed cities related to a range of return periods. For both case studies,
the 1D/2D model was carried out to obtain the time to recover from a flood episode under different
measures. An additional 1D drainage model was developed and applied to simulate CSO spills
into water bodies and to estimate the average duration of insufficient water quality for the different
scenarios modeled. The detailed methodology of both models can be found in [21,22]. The variation of
the recovery time for a measure i and event e (VRTi,e) was calculated by subtracting the time obtained
in the business as usual (BAU) scenario for the same event (RTBAU,e) with the one obtained with the
measure modeled (RTi,e) (Equation (1)):

VRTi,e = RTBAU,e −RTi,e. (1)

Hydrodynamic modeling is the preferred option to assess the effectiveness of adaptation actions
in urban services. However, if a 1D/2D modeling software is not available, a 1D model would also offer
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an alternative, as it provides the time during which the drainage network is working under surcharged
conditions. This surcharged time could be used alternatively as an effectiveness indicator.

The cost was included as the equivalent annual cost (EAC) (Equation (2)), which is the annual
estimated cash flow over the lifespan of the project, considering discounting [23]. This allows
harmonization of all costs for comparison of measures through the time horizon of the study, set at
2100. They consider initial investment, annual costs, reinvestment (if necessary), and residual value at
the end of the assessment time period:

EACj =
NPVj

A(t,i)
, A(t,i)=

∑T

t=1

1− 1
(1+i)T

i
=

1− (1 + i)−T

i
, (2)

where A(t,i) is the annuity factor which is the sum of all discount factors for the duration of the
project; T is the time horizon, and i is the discount rate. The discount rate selected for Barcelona
and Bristol case studies was 1.23%. It was based on research on the most suitable long-term rate for
both regions (Catalonia, Spain and West Country, England) carried out within the European project
EconAdapt [24]. This is aligned with the Stern economic school of thought that considers that climate
change impact’s increases in the long-term future should be accounted for through low or decreasing
discount rates [25,26]. Both sites considered the lower range of the discount rate in the scenario
modeled with economic growth.

In the case that costs of measures were not available or not accurate enough, a literature review
could be carried out in order to develop a scoring system for expected costs of implementation and
maintenance of the measures proposed. In the preliminary assessment, costs accuracy of measures is
not essential, but actual relative differences between measures is required in order to obtain a realistic
preliminary ranking. However, the measures selected to undergo the detailed assessment (next stage)
required more accurate results, as their outputs were expected to be more precise.

The equivalent annual costs (EAC) of each measure i divided by its VRT, resulted in the
cost-effectiveness assessment (CEA) ratio indicator (Equation (3)). In the framework of increasing
urban resilience, the reduction of the city recovery time is an important indicator. Therefore, in the
CEA indicator, a “penalty” is levied to those measures that do not reduce it at all. Results were ranked
from the most (smaller result) to the least (larger result) preferred option:

CEAi =

⎧⎪⎪⎨⎪⎪⎩
EACi
VRTi

EACi × 2

∣∣∣∣∣∣
i f VRTi > 0
i f VRTi ≤ 0

⎫⎪⎪⎬⎪⎪⎭ . (3)

In parallel, co-benefits were included in order to assess the indirect effects of measures. In both
case studies, there was a lack of accessible quantitative information to assess the co-benefits. Although,
there was also a strong interest in including them in the prioritization exercise. The solution was found
in assessing co-benefits through a site-specific semi-qualitative scoring system, using local and technical
experts from each site. Based on the MCA method, stakeholders from both city councils and utilities
and technical experts (engineers, economists, and natural scientists) contributed in participatory
processes in order to assess the co-benefits [13,27].

In a first round of workshops, there was a selection of indicators from the co-benefits
standardization framework in the C40 context by the London School of Economics [13]. From their
extensive framework, a multidisciplinary group of experts selected indicators relevant to resilience and
urban services. They were classified by economic, social, and environmental co-benefits (Table 1). In a
second workshop, the experts working group were asked to score every measure under the selected
indicators using a 0 to 10 scoring system. There was a discussion and voting exercise for each indicator
and measure, and consensus was found through a session facilitator. Average values were estimated
for each category of co-benefit, in order to include average values per category for each measure in the
ranking exercise. One should note the caveat related to the quantification of co-benefits related to their
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extremely context-driven nature [7]. The sign and size of their impact on welfare depend heavily on
local circumstances. Therefore, the co-benefits scores assessed for Barcelona and Bristol are unique
for those case studies and measures, and new studies should internally assess their own potential
co-benefits impacts.

At the end of the second workshop, the working group agreed to assign a weighted percentage to
each variable (i.e., CEA (25%) and economic (25%), social (25%), and environmental (25%) co-benefits)
in order to align the importance given to the variables with the overall aim of the decision-makers. To
calculate the overall ranking, the results of each variable were normalized in order to use a common
scale for the different data types on a common scale. Each data point was given a score between 0 and
1, based on its relative position within all values of the variable. This allowed to calculate the weighted
scores of each measure per strategy and produce the rankings.

The aim of this phase was to offer coarse results that facilitate decision-makers to shortlist the
measures that deserve further analysis. Thus, this stage is only relevant if there is a large number of
measures (e.g., more than ten) to be screened. A low number of measures to assess can be considered
affordable in terms of finding the resources to carry out a detailed damage assessment for all measures.

3.4. Stage 3: Detailed Assessment of Adaptation Scenarios

3.4.1. Stakeholders’ Selection of Sets of Measures for Detailed Assessment

The two groups of stakeholders—city councils and utilities representatives and researchers from
the RESCCUE project—held a third workshop with the aim of deciding which measures were worth an
in-depth assessment. Using the preliminary ranking results, all members reached a consensus to select
the measures, following the MCA method that relies on subjective expert judgement or stakeholder
opinion [3]. In these workshops, it was decided that, in the detailed assessment measures, would be
grouped by adaptation scenarios, as decision makers sought to understand the impact of implementing
combination of measures, rather than individual measures results.

3.4.2. Technical Detailed Assessment: Risks Modeling

Different climate impacts have been assessed for the two case studies of the project RESCCUE.
Although other hazards have been addressed, only floods, both pluvial and fluvial, and CSO spills are
considered here for comparative purposes of the two cities. Damages due to floods and CSO spills
can be many, and these can be classified as direct or indirect, and in turn tangible or intangible [28].
A variety of damages caused by these hazards have been assessed in these two cities, such as flood
damages to properties and vehicles, traffic disruption or damages to the electrical grid. Table 2
summarizes the different hazards and risks assessed for each city.

Table 2. Summary of detailed assessments conducted in Barcelona and Bristol.

Case Study Hazard Risk Assessment

Barcelona Pluvial floods
Damage impact to properties and vehicles

Intangible damages to pedestrians and vehicles
Street waste containers instabilities

Water quality CSO spills in bathing areas

Bristol Pluvial and fluvial floods
Damage impacts to general infrastructures

Traffic disruption
Energy sector damage

Water quality CSO spills

Various methodologies to assess these risks have been employed in the two case studies. In the
Barcelona case study, the following detailed assessments were carried out to evaluate the efficiency of
the proposed adaptation scenarios within the pluvial flooding strategy:
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• Economic damage assessment: a detailed estimation of pluvial flood damages to properties and
vehicles was conducted. A 1D/2D hydrodynamic model of the entire city permitted estimation of
the flow parameters (i.e., water depth and velocity) on the surface (i.e., city streets) for different
return periods of rainfall (i.e., 1, 10, 50, 100, and 100) [29]. Therefore, this urban drainage
model output has been used as an input for the flood damage models. The model proposed
by Martínez-Gomariz et al. [30] was applied to estimate damages to vehicles, based on the
depth-damage curves developed by the US Army Corps of Engineers [31]. A new model to
estimate damage to properties in dense urban environments has been developed within the
framework of the RESCCUE project. The model was constructed according to the suggestions of
an insurance surveyor expert in flood damage appraisals [32]. This model relies on the accuracy
of depth-damage curves that were constructed specifically for the city of Barcelona. These curves
were developed based on damage claims of previous flood events together with the expert opinion
when there was a lack of data [33]. Both models provided a total amount of direct economic damage
for properties and vehicles that were aggregated per each return period. With this aggregation, the
expected annual damage (EAD) [34] could be determined and used as a risk indicator. Therefore,
the difference between the EAD before and after measures implementation provides an indicator
of effectiveness of adaptation measures in terms of economic damages reduction.

• Intangible damage assessment: social impacts focused on safety of pedestrians and vehicles
exposed to extreme pluvial flood events. Risk was defined as the combination of hazard
and vulnerability by Turner et al. [35]. According to this approach, implemented in other
previous studies [36,37], hazard assessment is based on the severity and frequency of the surface
hydrodynamic variables and is classified based on specific flood hazard experimental criteria
regarding pedestrian and vehicular stability in urban flooded areas [38–40]. On the other hand,
flood vulnerability for pedestrian was assessed through several indicators like demographic
density, percentage of people with critical age, and foreign inhabitants, and the number of critical
infrastructures [36,37]. Vulnerability for vehicular circulation was assessed based on the vehicular
daily intensity. Finally, a risk matrix combined hazard and vulnerability indexes to express
flood risk.

• Stability of street waste containers: flood impacts over the waste collection system were assessed.
A specific measure about fixation of waste containers was included in 2 scenarios [29]. The
indicator displays results in terms of percentage of reduction of unstable containers.

For the CSO spills reduction strategy, two detailed assessments were carried out to understand
the impacts of the adaptation scenarios:

• Direct impacts on human health: insufficient bathing quality time (in hours) during the bathing
season was carried, modeled for the coastal areas of Barcelona where CSO events occur [22].
Specifically, pollutant hazard was assessed through a coupled urban drainage and seawater quality
model that was developed, calibrated, and validated based on local observations. The study
quantified the health hazard of bathing waters affected by CSOs based on two novel indicators:
the mean duration of insufficient bathing water quality (1) per bathing season and (2) after single
CSO/rain events. More information about the proposed technique to assess human health hazard
produced by CSO could be found in [41].

• Indirect impacts on business: potential economic losses as a consequence of closing related
businesses (water sports, restaurants by the seaside, and fishing activities) due to bathing waters
contamination [42]. Estimations were obtained using revenues of the affected sectors and
neighborhoods where CSO spills occur. The relative damage proportion to the total revenue
was assigned using the results of a survey and questionnaire carried out to citizens and business
owners of the area. Results were expressed in monetary terms.

In the Bristol case study, the evaluation of adaptation measures for pluvial and fluvial flooding
was carried out under the following methodology:
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• Damage assessment: flood models were developed evaluating property damage through
application of the damage assessment tool developed in EU project CORFU (Collaborative Research
on Flood Resilience in Urban Areas) [43] and designing intervention scenarios representing
property level protection. Flood models included fluvial and pluvial events at a range of return
periods (T20 to T1000 and T10 to T100, respectively). Analysis of peak flood depth mapping
for a baseline representing current day conditions and a climate change scenario derived from
UKCP09 [19], assuming BAU emissions up to the year 2115 was carried out.

A damage cost assessment per scenario was generated by combining flood depths with building
classifications [44] and depth-damage curves [45]. Intervention scenarios designed to protect properties
within the 20-year flood outlines, either for all residential buildings in the three worst affected areas
(zonal target) or for the same number of worst-impacted properties distributed across the study area
(individual target), were compared. Interventions were represented by adapting the damage curve
to prevent damages below a 600 mm water-depth threshold, reflective of a likely effective level of
protection [46].

• Traffic impact assessment: The flood maps that were used for the damage assessment were
loosely coupled with micro-simulation traffic model SUMO (Simulation of urban Mobility) [47].
A modified approach outlined by [48] was applied to simulate the effects of flooding on traffic,
whereby the speed limits on specific sections of roads were reduced or road sections were close
temporarily during a thirty-minute flood event depending on the maximum-recorded flood-depths.
For the adaptation scenario, the bridges that cross the central river sections within the city were
assumed to be locally protected from flooding in order to observe how—by keeping these specific
roads open and unflooded—the flows of traffic within the network could be greatly improved.
The impact costs values were derived via the use of speed versus cost table from the multicolored
manual (MCM) [45].

• Electricity system: within the Bristol case study, the effect of localized improvements to
infrastructure protection were analyzed [49]. Detailed assessment results were achieved by
carrying out a sensitivity analysis that altered the fragility (depth vs. infrastructure failure) curves
of the electrical substations.

These methodologies have been applied for the BAU scenario, in which no adaptation is considered
and for a scenario in which measures are implemented. For instance, once a certain flood is modeled
(i.e., 10-year return period design storm), the risk for pedestrians, based on a person’s stability threshold,
is assessed first without measures (BAU). Afterwards, a measure is implemented in the flood model,
which yields a lower flood, and thus the risk is re-assessed. The comparison of both model results
yields the variation in the high-risk area for pedestrians, considered an effectiveness indicator of risk
reduction measures. Similar procedures have been conducted for the hazards and risks assessments
listed in Table 2 for the two cities.

3.4.3. Economic Assessment: Environmental Cost-Benefit Analysis

Cost-benefit analysis (CBA) was the method selected for the final comparison of the potential
adaptation scenarios. This method allowed to integrate all previous assessment results involving
direct or indirect changes in environmental, economic, and societal variables, translated into monetary
terms [6]. It provided a comparative overview of the potential effects of the different scenarios in terms
understood by all stakeholders.

The net sum of all relevant positive and negative outcomes of a scenario is known as the total
economic value (TEV) [6] and is typically divided between use and non-use (passive) value [6]. In
this study, the focus was set on use values, which relate to the actual use of the good in question,
as for example, the use of green areas in cities for recreation [6]. Whereas, non-use values are those
related to their existence, altruistic or bequest value [6]. When possible, market prices were used to
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value the changes provided by the measures’ implementation (or related goods or services), while
benefit transfer was used when direct values were not available. Benefit transfer relies on unit values
obtained in previous studies to estimate the value in the study site, adapting them to the characteristics
of the new site [50]. Ecosystem services are understood as the direct and indirect contributions of
ecosystems to humans [51]. They play an important role, since their principles have been accounted
for in the sustainable urban drainage (SUDS) measures [52], in an attempt to demonstrate the benefits
of “greening” urban areas. This followed the trend in the urban planning sector of putting emphasis
on accounting for the co-benefits provided by nature-based solutions [52–56].

The time horizon selected for the analysis was 2020–2100, aligned with the timespan of the
general assessment for the project RESCCUE. Costs included all required investment efforts of each
city council, as well as the operating costs for the lifespan of the analysis. Benefits came from two
sources. First, the avoided costs were estimated through the difference between the estimated economic
damage assessment in the BAU scenario and in each of the alternative scenarios [11]. In addition,
monetary values were included to account for the benefits of the improvement in the provision of
ecosystem services of SUDS measures. They were adapted using the benefit transfer method [57].
These benefits include the reduction of the heat island effect, which implies reductions on electricity
consumption [58,59]; air quality improvements [58]; habitat creation and aesthetic value, related to
the increase in willingness to pay for properties with surrounding green areas [59]. Net benefits
(Equation (4)) aggregate benefits and costs to determine the TEV or complete impact of the scenarios
(j) proposed:

Net benefit j = Benefits j − Costs j. (4)

The net benefits expected through the lifetime of the project (years from t = 1 to T = 80) were
discounted to reflect future values in present terms, obtaining the net present value (NPV) (Equation (5)),
using the same discount factor as the CEA. Similarly, the results were annualized for comparative
reasons, thus presented using the annual equivalent present value (AEPV) (Equations (6) and (7)), for
each scenario j:

NPVj =
T∑

t=1

Bene f itsj,t −Costsj,t

(1 + i)t , (5)

AEPVj =
NPVj

A(t,i)
, (6)

A(t,i) =
1− (1 + i)−T

i
, (7)

where A(t,i) is the annuity factor of the present value.

3.5. Stage 4: Final Ranking

The multiple results obtained through the detailed assessment allowed to rank adaptation
scenarios under various criteria. In the Barcelona case study, scenarios were prioritized by: (1) area of
risk reduction, (2) by avoided damage, (3) by costs, and (4) by net benefit criteria. In the Bristol case
study, scenarios were ranked based on total damage.

4. Results: Application in Two European Cities

The application of the methodology is presented in stages, comparing the two case studies in
order to display the different approaches taken.
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4.1. Problem Characterization in Practice

The outcome of the first round of workshops held in each city was the definition of the problem
characterization (Table 3). The second workshop identified an extensive list of measures and the
adaptation strategies to be assessed (Table 4).

Table 3. Description of hazards selected as outcome of the problem characterization.

Case Study Extreme Event under Assessment Relevance

Barcelona Pluvial flooding CSO spills

Climate forecasts predict increases in the frequency
of extreme weather events: Increase of 20% for 100
years return period rain (T100) is expected for the
period 2041–2070, + 40% expected by the end of the
century [18].

Bristol Fluvial flooding Pluvial flooding
CSO spills

Climate forecasts indicate that fluvial and pluvial
flood events are likely to worsen in response to an
increasing likelihood of extreme rainfall. For
example, between 2041 and 2070, the 1 year extreme
daily rainfall is predicted to increase from 33 to 58
mm (UKCP09 median value) [19]. The fluvial system
is also particularly vulnerable to tidal interference
increasing river levels in the city, with UKCP18
projections indicating a 10 cm sea level rise across the
2041 to 2070 horizon, leading to significant areas of
the city facing a future threat [60].

Table 4. Description of selected strategies and their measures to be prioritized in the two case studies.

Case Study Selected Strategies and Their Measures

Barcelona

Pluvial flooding

1. Improvements of surface drainage system
2. Increase of sewer system capacity—New pipes (I)
3. Increase of sewer system capacity—New detention tanks (II)
4. SUDS scheme (increased area of green roofs, infiltration trenches, and

detention basins)
5. Early Warning System
6. Self-healing algorithm implemented in the electrical distribution grid
7. Ensure the stability of waste containers

Combined sewer overflows (CSO) spills

1. SUDS scheme
2. Early Warning System (EWS)
3. Detention tanks for CSO prevention
4. Improvements of the capacity of sewer interceptor and WWTP
5. End of pipe CSO treatment
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Table 4. Cont.

Case Study Selected Strategies and Their Measures

Bristol

Pluvial flooding

1. Property level protection of crucial infrastructure
2. Demountable flood protection barriers
3. Identify high risk areas by carrying out studies of flood modeling analysis

Fluvial flooding

1. Flood proof crucial infrastructures
2. Build riverside flood defense walls
3. Demountable flood protection barriers
4. Identify high risk areas by conducting studies involving flood modeling analysis

CSO events (in the Ashton Vale area) 1

1. Inlet diameters increase
2. Disconnecting paved surfaces from the combined system
3. Full surface water separation
4. SUDS scheme (swales, filter trenches, permeable paving, detention basins,

mixed schemes)
5. Raising curb heights
6. Increasing surface water sewer system capacity
7. Tide isolation of drainage systems
8. Improvements to watercourse capacities

1 CSO events strategy is presented in Appendix A, because it was assessed in only one area of the city and thus not
comparable with the other two strategies embracing the entire city.

The longlist of adaptation actions related to urban services of Barcelona contained 4 strategies and
27 measures, collected from the local climate action plan and workshops. Stakeholders of the Barcelona
case study agreed to focus the efforts on improving the resilience of the city against pluvial flooding
and CSO spills events. Therefore, the 2 strategies under assessment are related to those hazards and
contained structural, nature-based solutions and technological measures aimed to reduce damages
related to those hazards.

In the Bristol case study, 3 strategies and 14 measures related to urban-services were identified
initially during the workshops and from local action plans. Stakeholders decided to focus on the
improvement of Bristol’s resilience against pluvial and fluvial flooding events and CSO spills.

4.2. Preliminary Assessment of Adaptation Measures in Practice

After defining the strategies and their respective measures, CEA and co-benefits were estimated,
following the methodology described above. The variables used as an input in the CEA were the
results of the hydrodynamic models and annualized costs estimations, whereas the co-benefits scores
were obtained by participatory processes of multidisciplinary experts in Barcelona and Bristol. The
ranking results of the preliminary assessment in Barcelona and Bristol are presented in Tables 5 and 6
respectively. Weights given to each indicator were determined under consensus during the second
workshop, following stakeholders’ judgement.
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Table 5. Preliminary ranking results for the adaptation measures included in the flood and CSO
strategies assessed for the Barcelona case study.

Weights Given 25% 25% 25% 25%

Rank Pluvial Flooding Strategy Measures CEA (€/h) Economic Social Environmental

1 SUDS (green roofs, infiltration trenches,
detention basins for rural catchments) 16,466,678 56% 69% 85%

2 Ensure the stability of waste containers 24,010 13% 13% 5%

3 Early Warning System 29,478 13% 13% 5%

4 Increase of sewer system capacity—new
pipes (I) 5,597,181 13% 60% 35%

5 Increase of sewer system capacity—new
detention tanks (II) 18,687,976 1% 71% 34%

6 Improvements of surface drainage system 4,072,897 11% 41% 9%

7 Self-healing algorithm in the electrical
distribution grid 127,304 10% 0% 0%

Rank CSO Strategy Measures CEA (€/h) Economic Social Environmental

1 SUDS 584,465 56% 69% 85%

2 Early Warning System 1528 13% 13% 5%

3 Detention tanks 452,461 1% 71% 34%

4 End of pipe CSO treatment 4,687,158 9% 29% 8%

5 Improvements of the capacity of sewer
interceptor 59,500 1% 17% 8%

Table 6. Preliminary ranking results for the adaptation measures included in the pluvial and fluvial
strategies within the central area of Bristol.

Weights Given 25% 25% 25% 25%

Rank Pluvial Flood Strategy Measures CEA (€/h) Economic Social Environmental

1 Demountable flood protection barriers 7243 39% 81% 39%

2 Identify high risk areas (flood modeling
analysis studies) 60,790 23% 57% 14%

3 Flood proof crucial infrastructures 134,608 7% 3% 14%

Rank Fluvial/tidal Flood Strategy Measures CEA (€/h) Economic Social Environmental

1 Demountable flood protection barriers 8450 39% 81% 39%

2 Build riverside flood defense walls 3,749,280 64% 87% 41%

3 Identify high risk areas by conducting
studies involving flood modeling analysis 56,509 23% 57% 14%

4 Flood proof crucial infrastructure 177,683 7% 3% 14%

Table 5 presents SUDS measures as the preferred option, followed by structural measures for both
strategies. The equal distribution of weights between indicators implies that those with larger indirect
benefits are prioritized over the ones that are just more cost-effective. The reinforcement of the stability
of waste containers is the second option for the floods strategy, and the early warning system for the
CSO strategy.

Table 6 shows that demountable flood protection barriers are the most preferred measure for
protection against pluvial flooding and for fluvial and tidal flooding, combined in this instance with
riverside defense walls that offer protection up to a 1 in 200-year event (ranked second). For the Ashton
Vale region (Appendix A), a wider range of measures were selected to offer improved protection
against pluvial flooding and reduce CSO spills events.
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4.3. Detailed Assessment in Practice

4.3.1. Selection of Adaptation Scenarios

Results from the first ranking exercise gave stakeholders insights on the advantages and
disadvantages of the measures proposed. This facilitated the discussion regarding the selection
of the most relevant measures to include in the adaptation scenarios, aimed to answer different
policy questions. For example, in the case of Barcelona’s strategy for pluvial flood impacts reduction,
there was a clear interest from policy-makers in the co-benefits provided the SUDS measures, while
technical experts highlighted the potential reduction of risks and recovery time offered by the structural
measures, although the costs of the latter were high and therefore difficult to meet. Therefore, they
decided to assess the potential impact of implementation of SUDS across the entire city, while the
structural measures were divided by zones. Adaptation scenarios were created to obtain results for
those requests (Table 7). Regarding the stability of waste containers, detailed assessment was not
found relevant, as the preliminary assessment already displayed a low CEA result, which was enough
to be included in the new Climate Action Plan for Barcelona.

Table 7. Description of adaptation scenarios selected for Barcelona for the two strategies assessed.

Strategy Name Adaptation Scenarios (AS)

Pluvial flooding impacts reduction

1. Flood_AS1. SUDS emplaced through the entire city
2. Flood_AS2. SUDS and structural measures (SM) through

the entire city
3. Flood_AS3. SUDS (entire city) and SM within Zone 1 (Z1)
4. Flood_AS4. SUDS (entire city) and SM within Zone 2 (Z2)
5. Flood_AS5. SUDS (entire city) and SM within Zone 3 (Z3)
6. Flood_AS6. SUDS (entire city) and SM within Zone 4 (Z4)
7. Flood_AS7. SUDS (entire city) and SM within Zone 5 (Z5)
8. Flood_AS8. SUDS (entire city) and SM within Zone 6 (Z6)

CSO spills reduction
1. CSO_AS1. SUDS emplaced through the entire city
2. CSO_AS2. SUDS (entire city) and detention tanks

In the Bristol case study, the needs of stakeholders guided the way adaptation strategies were
categorized (Table 8). City council representatives were most concerned with fluvial flooding linked
to the River Avon, its associated watercourses and tidal interactions of the Severn Estuary, alongside
pluvial flooding originating from extreme rainfall across the urban area. The interest was again on
gaining knowledge on the zonal assessment of the city, although structural measures were identified
as the most promising interventions. Due to restrictions in budgets, the Bristol case study chose to
investigate only the use of property level protection, since it allowed adaptation measure assessment
using previous flood modeling.

4.3.2. Detailed Assessment Results

In the Barcelona case study, the technical and economic assessments were carried out for the
proposed adaptation scenarios related to flooding and CSO reduction strategies. The economic damage
assessment provided the expected annual damages (EAD) for each scenario. Comparing the scenarios
against the BAU, the avoided damage was estimated for each adaptation scenario. These were
accounted as benefits in the CBA. Ecosystem services were included as benefits provided by the SUDS
measures thus present in all adaptation scenarios. Costs were estimated for the adaptation scenarios,
adjusting the previous estimates for individual measures of the CEA to the new adaptation scenarios.
Net benefits were obtained in the CBA for each scenario.
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Furthermore, for the flooding reduction strategy, estimates from the intangible damage assessment
gave the percentage of high-risk area reduction for pedestrians and vehicles for each scenario.

In the Bristol case study, a detailed analysis of the proposed adaptation scenarios was undertaken
using a different approach. Stakeholders were more interested in the potential impacts of different
intensities events for two scenarios and compare them to the BAU. Measures were ranked based on the
total damage costs expected during a range of extreme flood events in the city. The assessment was
calculated by developing a baseline of expected flood damages during a flood event in the future, and
comparing them to the expected flood damages with property level protection applied to targeting
buildings or strategic zones.

Table 8. Adaptation scenarios for each strategy in Bristol case study.

Strategy Name Adaptation Scenarios (AS)

Pluvial flooding impacts reduction

1. Pluvial_AS1. BAU with climate change
2. Pluvial_AS2. BAU CC with zonally targeted interventions
3. Pluvial_AS3. BAU CC with individually

targeted interventions

Fluvial flooding impacts reduction

1. Fluvial_AS1. BAU with climate change
2. Fluvial_AS2. BAU CC with zonally targeted interventions
3. Fluvial_AS3. BAU CC with individually

targeted interventions

4.4. Final Ranking: Results of the Detailed Assessment

The results from the detailed assessment provided information to generate four prioritization
rankings relevant for stakeholders (Tables 9 and 10), three of them contained monetary criteria—avoided
damage, net benefits and costs, and one was in percentage terms, representing the high-risk
area reduction.

Table 9. Prioritization results under the 3 monetary criteria for pluvial flooding in Barcelona.

Rank
Avoided Damage

ID Scenario AEPV (Million €/Year)

1 Flood_AS2 SUDS + Structural
measures entire city (SM) 49.0

2 Flood_AS7 SUDS + SM in Z5 43.1
3 Flood_AS4 SUDS + SM in Z2 41.9
4 Flood_AS5 SUDS + SM in Z3 41.7
5 Flood_AS8 SUDS + SM in Z6 41.2
6 Flood_AS6 SUDS + SM in Z4 40.2
7 Flood_AS3 SUDS + SM in Z1 40.0
8 Flood_AS1 SUDS entire city 23.7

Rank
Costs

ID Scenario AEPV (Million €/Year)

1 Flood_AS1 SUDS entire city 9.9
2 Flood_AS6 SUDS + SM in Z4 10.9
3 Flood_AS8 SUDS + SM in Z6 11.0
4 Flood_AS5 SUDS + SM in Z3 11.6
5 Flood_AS7 SUDS + SM in Z5 12.2
6 Flood_AS4 SUDS + SM in Z2 12.3
7 Flood_AS3 SUDS + SM in Z1 15.1
8 Flood_AS2 SUDS + SM entire city 22.4
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Table 9. Cont.

Rank
Net Benefits

ID Scenario AEPV (Million €/Year)

1 Flood_AS7 SUDS + SM in Z5 39.6
2 Flood_AS8 SUDS + SM in Z6 38.9
3 Flood_AS5 SUDS + SM in Z3 38.7
4 Flood_AS4 SUDS + SM in Z2 38.3
5 Flood_AS6 SUDS + SM in Z4 38.1
6 Flood_AS2 SUDS + SM entire city 35.3
7 Flood_AS3 SUDS + SM in Z1 33.6
8 Flood_AS1 SUDS entire city 22.5

Table 10. Prioritization results under high-risk area reduction criterion for pluvial flooding in Barcelona.

Rank

Risk Reduction (T10)

ID Scenario
Risk for

Pedestrians
ID Scenario

Risk for
Vehicles

1 Flood_AS2 SUDS + SM entire city 99% AS2 Str. BCN + SUDS 99%
2 Flood_AS3 SUDS + SM in Z1 79% AS7 Z5 + SUDS 90.4%
3 Flood_AS4 SUDS + SM in Z2 79% AS4 Z2 + SUDS 90.2%
4 Flood_AS7 SUDS + SM in Z5 77% AS3 Z1 + SUDS 87.2%
5 Flood_AS5 SUDS + SM in Z3 76% AS5 Z3 + SUDS 86.6%
6 Flood_AS6 SUDS + SM in Z4 74% AS8 Z6 + SUDS 85.4%
7 Flood_AS8 SUDS + SM in Z6 65% AS6 Z4 + SUDS 84.1%
8 Flood_AS1 SUDS entire city 34% AS1 SUDS 45%

The aim was to provide as much information as possible to solve the concerns of decision makers
regarding the different aspects of the policy making process, i.e., budgetary, welfare, and risks. The
BAU scenario is omitted from the ranking as the objective of the city council is to act against floods.
For the avoided damage and risk reduction criteria, the preferred scenario is to implement SUDS and
structural measures in the entire city of Barcelona; whereas for the net benefit criteria, the scenario with
SUDS and structural measures in zone 5 ranks first. In the case of cost criteria, the SUDS measures are
the preferred option. The zone 5 scenario also ranks high for the rest of the criteria. This is expected to
support stakeholders by facilitating the decision-making process of implementing adaptation measures.
More detailed results of the risk assessment can be found in Appendix B.

The prioritization exercise for the CSO strategy (Table 11) was carried out using 3 monetary
criteria (i.e., avoided damage, costs, and net benefits), using the outputs from the CBA that used the
damages analysis results.

Table 11. Results of ranking of adaptation scenarios selected for CSO under the three selected criteria
in Barcelona.

Rank
Avoided Damage

Scenario AEPV (€/year)

1 CSO_AS2. SUDS and detention tanks 18,352,567
2 CSO_AS1. SUDS (entire city) 10,041,691

Rank
Costs

Scenario AEPV (€/year)

1 CSO_AS1. SUDS (entire city) 9,918,794
2 CSO_AS2. SUDS and detention tanks 16,145,628

Rank
Net Benefits

Scenario AEPV (€/year)

1 CSO_AS2. SUDS and detention tanks 10,850,498
2 CSO_AS1. SUDS (entire city) 9,078,777
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These results helped decision-makers to understand the most advantageous adaptation measures
given their selected criteria, which might be subject to maximizing net welfare gains, or minimize costs
or damages. If the avoided damage and net benefits criteria are considered, the scenario of combined
SUDS and tanks was preferred, whereas if the criterion follows cost-efficiency, the SUDS scenario
ranked first.

The results of the detailed assessment carried out in the Bristol case study provided a rank based
on the total damage costs expected during a range of extreme flood events in the city for pluvial and
tidal/fluvial flood scenarios (Tables 12 and 13).

Table 12. Estimated total flood damages resulting from extreme pluvial flood events to all building
classes for different return periods (Tyears) (£) in Bristol.

Rank Scenarios T10 T20 T30 T100

1 BAU CC with individually
targeted interventions 31,880,000 45,322,000 - 96,796,000

2 BAU CC with zonally
targeted interventions 35,218,000 48,312,000 - 98,804,000

3
Business as usual,

considering climate
change impact (BAU-CC)

36,692,000 50,088,000 - 100,757,000

Table 13. Estimated total flood damages resulting from extreme tidal/fluvial flood events to all building
classes for different return periods (Tyears) (£) in Bristol.

Rank Scenarios T20 T100 T200 T1000

1 BAU CC with individually
targeted interventions - 155,695,000 482,760,000 537,228,000

2 BAU CC with zonally
targeted interventions - 156,622,000 482,738,000 537,258,000

3 BAU-CC - 160,006,000 483,009,000 537,446,000

The analysis identified that the most effective intervention scenario was individually targeted
property level protection to reduce the impact of both pluvial and fluvial flooding hazards. The results
of the total damage assessment, of the previous CEA and co-benefits results were detailed enough for
stakeholders, and therefore a complete CBA was considered not necessary for Bristol’s decision-makers.
Instead, stakeholders were more interested in understanding the changes pertaining to the traffic and
energy sectors when the selected scenario was applied. Therefore, in the traffic sector, the effectiveness
of the adaptation scenario was evaluated by comparing the reduction in recovery time, vehicular
cost estimations with respect to their average speed, and PMx emissions, under flooded conditions
compared to dry weather conditions [61]. The energy sector’s detailed assessment compared the BAU
scenario to the selected scenario under different levels of fragility curves of the electrical substations, to
provide further information to decision makers on the potential impacts reduction generated by the
measures proposed [49].

5. Discussion

The present methodology is built upon existing knowledge of applied quantitative and qualitative
methodologies related to urban climate change adaptation and resilience. The flexibility of the
methodology was a key feature, and it has been achieved by introducing iterative stakeholder
engagement in each stage. The fact that multidisciplinary research groups worked along with city
councils and other stakeholders, gave the methodology a practical focus that included tools to face the
most common barriers and opportunities met by most climate change adaptation working groups,
such as lack of data sources. The methodology offers a modular system that is able to adapt to the
realities of the different case studies, allowing to select the required steps for each case. Another
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advantage is the use of existing and proved methodologies, which are common to stakeholders, with
known strengths and weaknesses.

The potential to combine technical, economic, social, and environmental results is a powerful
policy instrument, as their decision-making process must consider all those aspects that affect the
present and future of their citizens’ welfare [2]. It is particularly relevant for those cases where
there are many measures that need to be screened and not enough time or capital resources to do so
with the necessary detail to support policy decision-making. In that sense, co-benefits assessment
in climate adaptation projects can contribute substantially to policy decision-making [62]. First, it is
suggested that most co-benefits display positive welfare outcomes in the short term—for example, air
pollution improvement, which is the concern of policy makers; whereas direct climate change policy
benefits—such as heavy flood damage reduction—may only be perceived in the long term. Second,
the co-benefits are usually enjoyed at a local or regional scale and thus are closer to the citizens bearing
the costs, they provide incentives for decision makers to act [62].

The methodology enabled the views and expertise of multiple stakeholders to be included through
workshops. It has the benefit of fewer requirements from the CEA during the first stage, although the
outcomes lack sound conclusions. The uncertainty of results decreases with the participatory process
of multidisciplinary experts and further detailed assessment to the selected measures.

The involvement of policy-makers from the beginning of the analysis was regarded as positive,
compared to traditional approach of just presenting final results through an assessment report.
In addition, such an engagement captured local expertise, enabling intervention development to
progress with the understanding of specific high-risk areas and ongoing organizational initiatives. The
stakeholder engagement was also able to capture mixed priorities from different groups and integrate
this understanding within the context of a wider RESCCUE analysis, drawing together a network of
interconnected infrastructure, including the energy, transport, and waste-water sectors. If consultation
is transparent and well-structured, it can give valuable insights of local knowledge [27].

Although the focus of the present work is on urban infrastructure and services, it does not neglect
social-oriented policies. However, it recognizes that these “soft” policies, such as encouraging residents
to change public behaviors [63], belong to a different field of study and policy-making process, out of
the scope of this work. However, the final goal of both types of policies is similar: to increase wellbeing,
either from a psychosocial perspective or by reducing physical risks and damages.

One of the main barriers for urban adaptation assessment is the general lack of standardized
data and/or time resources. Adapting the approach to accommodate varying data availability was an
additional challenge. Furthermore, researchers found difficult to align work across stakeholders and
case studies, due to existing differences in policy approaches, priorities, and types of stakeholders and
their involvement. Another drawback of the methodology is that the co-benefits are city-specific and
subject to the expert criteria. Analyses based on experiences, data, and perspectives from stakeholders
are based on historical hazard impacts, rather than providing a true representation of future risks. This
potential bias can be minimized if robust climate change forecasting and risk and damage modeling
is introduced in the assessment. Therefore, although the hydrological model (suggested in the
methodology to assess the recovery time) increases the technical expertise demand in the preliminary
stage, it is essential to secure informed decision-making throughout the process. In addition, it is an
established technique, and the exercise is not as complex as the detailed damage and risk assessment
proposed in the third stage, which is highly recommended for final decision-making.

A limitation of an approach grounded in stakeholder engagement is the need to manage conflicting
priorities and adjust messages to an audience with varying levels of expertise. This is particularly
relevant when managing organizational and community stakeholders, where costs and benefits of
intervention actions may not be aligned. Unconscious bias, such as exposure to specific hazards or
experience may also influence engagement, leading to a focus on specific issues at the expense of a
broader analysis. These issues have been addressed in RESCCUE through engaging a diverse group of
technical stakeholders who shared their expertise and results to multidisciplinary audiences.
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Similarly, highly spatial hazards such as pluvial flooding can be very dependent on unknown or
unpredictable factors which may not have occurred during past events; for example, aging infrastructure
may block previously functioning drainage features and significantly alter the response of urban
catchments rainfall. These issues cannot be fully mitigated, and for that reason, it was crucial that
the methodology recognized those limits by including historic and experiential data. In fact, the
consequences of a changing climate and the continuing paving of urban areas (increased permeability)
lessen the validity of decision based on historical facts.

Future recommendations to expand the replicability potential is to create a web-based assessment
tool to facilitate the implementation in other urban areas.

6. Conclusions

The methodology recognizes that there are several viable strategies with different contributions to
society and the aim of researchers is not selecting the best for each case, but to provide results from
different perspectives to support city planners to take better-informed decisions.

Combined assessments of technical, socio-economic, and environmental aspects provide added
value to policy makers, compared to assessment results addressing only one feature. Their role is to
consider multiple aspects that may affect the citizens they represent when selecting a policy or project.

The relevance of scientific research and multidisciplinary technical assessment is only revealed
when it is coupled and in harmony with the needs of decision-makers and citizens. Certainly, that
was the focus of the present methodology and it was highly valued during its application. Therefore,
the results presented here are expected to provide relevant tools for stakeholders to take informed
decisions regarding adaptation to climate change in urban areas.
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Appendix A

Table A1. Ranking of pluvial flood related measures based on effectiveness and co-benefits within the
Ashton Vale area of Bristol with respect to flooding.

Proposed Weights 25% 25% 25% 25%

Rank CSO Proposed Measures CEA (€/h) Economic Social Environmental

1 Inlet increase 8750 36% 60% 35%

2 Disconnecting paved surfaces
from (combined) sewer system 6332 33% 10% 36%

3 Swale 9629 26% 40% 55%

4 Surface water separation 4197 6% 13% 23%

5 Filter trenches 9629 26% 40% 41%

6 Permeable paving 9629 23% 43% 40%
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Table A1. Cont.

Proposed Weights 25% 25% 25% 25%

Rank CSO Proposed Measures CEA (€/h) Economic Social Environmental

7 Raise curb height 1319 4% 4% 0%

8 Increase of combined sewer
system capacity 32,013 1% 71% 34%

9 Sustainable Urban Drainage
systems (SUDS) 9629 14% 20% 40%

10 Detention basin 9629 6% 13% 9%

11 Increase surface water sewer
system capacity 17,097 6% 0% 0%

12
Improvements to drainage system

(watercourse)—isolation from
high tide conditions in River Avon

334,056 10% 9% 5%

13 Improvements to drainage system
(watercourse)—capacity 158,973 6% 0% 0%

Appendix B

This appendix is aimed to present more detailed results of the assessment carried out for the
assessment of pedestrian and vehicles under different return periods in Barcelona. Table A2 displays
the risk assessment results for the 5 different return periods assessed for all scenarios in the Barcelona
case study. Table A3 displays results of expected annual damage (EAD) in monetary terms for the
same cases. Whereas, Figures A1 and A2 represent the assessment of the stability of waste containers
carried out.

Table A2. Results of pluvial flood risk reduction assessment for pedestrian and vehicles under different
return periods in Barcelona.

Adaptation Scenario
Risk Reduction for Pedestrians Risk Reduction for Vehicles

T1 T10 T50 T100 T500 T1 T10 T50 T100 T500

1 SUDS Entire BCN 0% 34% 20% 17% 14% 0% 45% 25% 21% 14%

2 SUDS + Structural
Measures Entire BCN 0% 99% 87% 76% 59% 0% 99% 94% 87% 66%

3 SUDS + Structural
Measures Zone 1 0% 79% 65% 58% 48% 0% 87% 74% 65% 49%

4 SUDS + Structural
Measures Zone 2 0% 79% 63% 56% 47% 0% 90% 76% 67% 51%

5 SUDS + Structural
Measures Zone 3 0% 76% 63% 55% 45% 0% 87% 75% 66% 50%

6 SUDS + Structural
Measures Zone 4 0% 74% 59% 53% 47% 0% 84% 69% 59% 48%

7 SUDS + Structural
Measures Zone 5 0% 77% 62% 55% 48% 0% 90% 71% 61% 48%

8 SUDS + Structural
Measures Zone 6 0% 65% 60% 55% 45% 0% 85% 68% 60% 45%
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Table A3. Expected annual damage (EAD) from pluvial floods for properties and vehicles for all
adaptation scenarios modeled in the Barcelona case study.

Scenario EAD to Properties EAD to Vehicles EAD Variation

0 Baseline (current rainfall) 31,150,112 € 3,275,292.05 € -

1 BAU 1 (future rainfall) 44,494,008 € 4,482,544.03 € +42% (vs. Baseline)

2 SUDS Entire city 2 23,680,855 € 2,747,960.30 € −46%

3 SUDS + Structural Measures
(SM) Entire city 2,235,685 € 341,720.20 € −95%

4 SUDS + SM Zone 1 10,270,756 € 825,019.44 € −77%

5 SUDS + SM Zone 2 8,408,240 € 927,384.48 € −81%

6 SUDS + SM Zone 3 8,509,119 € 970,750.84 € −81%

7 SUDS + SM Zone 4 9,821,973 € 999,403.93 € −78%

8 SUDS + SM Zone 5 7,403,553 € 771,070.23 € −83%

9 SUDS + SM Zone 6 8,888,035 € 1,008,856.05 € −80%
1 BAU is compared to baseline and all adaptation scenarios are compared to BAU; 2 SUDS are assessed for the entire
city of Barcelona in all scenarios.

 
(a) Without fixation pieces ( ) (b) With fixation pieces ( ) 

Figure A1. Reduction of the number containers potentially unstable at a city scale once applied
(a) Flood_AS1 and (b) Flood_AS10.

  
(a) Without fixation pieces ( ) (b) With fixation pieces ( ) 

Figure A2. Reduction of the number containers potentially unstable at a city scale once applied
(a) Flood_AS2 and (b) Flood_AS11.
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61. Evans, B.; Chen, A.; Djordjević, S.; Webber, J.; González Gómez, A.; Stevens, J. Investigating the Effects of Pluvial
Flooding and Climate Change on Traffic Flows in Barcelona and Bristol. Sustainability 2020, 12, 2330. [CrossRef]

62. Ürge-Vorsatz, D.; Herrero, S.T.; Dubash, N.K.; Lecocq, F. Measuring the Co-Benefits of Climate Change
Mitigation. Annu. Rev. Environ. Resour. 2014, 39, 549–582. [CrossRef]

63. Dai, L.; Wörner, R.; van Rijswick, H.F.M.W. Rainproof cities in the Netherlands: Approaches in Dutch water
governance to climate-adaptive urban planning. Int. J. Water Resour. Dev. 2018, 34, 652–674. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

239





sustainability

Article

RAF Resilience Assessment Framework—A Tool to
Support Cities’ Action Planning

Maria Adriana Cardoso 1,*, Rita Salgado Brito 1, Cristina Pereira 1, Andoni Gonzalez 2,

John Stevens 3 and Maria João Telhado 4

1 Urban Water Unit, National Civil Engineering Laboratory, LNEC, Av. Brasil 101, 1700–066 Lisbon, Portugal;
rsbrito@lnec.pt (R.S.B.); clpereira@lnec.pt (C.P.)

2 Barcelona City Council, Ajuntament de Barcelona, Barcelona Torrent de l’Olla 218–220, 4a planta,
08012 Barcelona, Spain; agonzalezgom@bcn.cat

3 Bristol City Council, 100 Temple Street, Bristol P.O. Box 3176, UK; john.stevens@bristol.gov.uk
4 Lisbon City Council, Câmara Municipal de Lisboa, CML, Praça José Queirós, n.º1–3º piso–Fração 5,

1800–237 Lisbon, Portugal; joao.telhado@cm-lisboa.pt
* Correspondence: macardoso@lnec.pt

Received: 31 January 2020; Accepted: 13 March 2020; Published: 17 March 2020

Abstract: Urban areas are dynamic, facing evolving hazards, having interacting strategic services
and assets. Their management involves multiple stakeholders bringing additional complexity.
Potential impacts of climate dynamics may aggravate current conditions and the appearance of
new hazards. These challenges require an integrated and forward-looking approach to resilient and
sustainable urban development, being essential to identify the real needs for its achievement. Several
frameworks for assessing resilience have been developed in different fields. However, considering
the focus on climate change and urban services, specific needs were identified, particularly in
assessing strategic urban sectors and their interactions with others and with the wider urban system.
A resilience assessment framework was developed directing and facilitating an objective-driven
resilience diagnosis of urban cities and services. This supports the decision on selection of resilience
measures and the development of strategies to enhance resilience, outlining a path to co-build
resilience action plans, and to track resilience progress in the city or service over time. This paper
presents the framework and the main results of its application to three cities having diverse contexts.
It was demonstrated that the framework highlights where cities and urban services stand, regarding
resilience to climate change, and identifies the most critical aspects to improve, including expected
future impacts.

Keywords: resilience assessment; urban resilience; climate change; urban services; cities

1. Introduction

Urban areas are complex, vulnerable and continuously evolving systems. In these dynamic areas,
the existence of interacting strategic services and of interdependent services and assets, as well as the
involvement of a multiplicity of stakeholders, adds complexity to their management. Besides, the
significant impacts of climate dynamics (such as intense precipitation events, tidal effects, droughts or
heat waves) in the urban strategic services, people, natural environment and economy, as well as the
aggravation of current conditions and the emergence of new hazards, also need to be considered in
their management [1,2].

As referred to in [3], following the World Economic Forum 2014, by 2050, exposure of city dwellers
to various hazards, including earthquakes, tsunamis, urban floods, cyclones and storm surges, is
expected to double. These challenges require an integrated and forward-looking approach to resilient
and sustainable urban development, incorporating the interdependencies between systems as well as
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including stakeholders and citizens perceptions and needs. In order to achieve this, several long-term
agendas have been adopted as parts of the United Nations Agenda 2030 for Sustainable Development,
such as the Sendai Framework for Disaster Risk Reduction 2015–2030, the Sustainable Development
Goals, the New Urban Agenda and the Paris Agreement [3]. A relevant consideration in all of these
agendas is the incorporation of assessment steps for tracking their implementation [4].

The resilience concept has evolved over time and among disciplines [5,6]. Herein, urban resilience
refers to the ability of human settlements to withstand, recover quickly and adapt from any plausible
hazards. Resilience to disruptive events not only refers to reducing risks and damage from disasters,
but also the ability to quickly bounce back to a stable state. Besides addressing disaster risk reduction,
resilience includes changes in circumstances [7–10].

In order to identify the real needs for enhancing urban resilience, as well as the efficiency and
effectiveness of planned or implemented measures, a resilience assessment is essential. Therefore,
assessing the current and expected future status of resilience is a basis for cities to know where they
are, helping to identify strengths and weaknesses, thus supporting the decision on strategies, actions
and measures to be taken, planning for the long-, medium- and short-terms and assessing the progress.

Since the cities are dynamic systems with evolving hazards, it is essential to regularly carry
out the assessment of their resilience, considering the principle of continuous improvement [11],
and to have tools to support this. Several tools and frameworks for assessing resilience have been
developed in different fields of study by a wide variety of stakeholders, such as those created by Local
Governments for Sustainability (ICLEI) 2010, UN-Habitat City Resilience Profiling Tool (UN-Habitat
CRPT) 2013, Rockefeller and Arup 2014, World Bank 2015, United Nations Office for Disaster Risk
Reduction (UNDRR, former UNISDR) 2017, U.S. Environmental Protection Agency (EPA) 2017, among
others [5,7–9,12–16]. Within the scope of the current work, i.e., climate change with a focus on water,
relevant resilience assessment frameworks are presented in Table 1. It synthetizes the themes, urban
sectors and metrics considered in each framework [5,7,13,16,17].

Table 1. Synthesis of resilience assessment frameworks for climate change.
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EPA conceptual framework � � � � � � � � � � � � 163 [15]

City Resilience Framework � � � � 156 [13]

UNDRR Disaster Resilience
Scorecard for cities � � � � � � � � � � �

47 preliminaries
117 detailed [8,9]

City Resilience Index to Sea
Level Rise � � � � � � � 13 [18]

Climate Disaster Resilience
Index � � � � � � � 120 [19]

Climate Disaster Resilience
Index � � � � � � � 82 [20]

Climate Resilience Screening
Index � � � � � � � � � � � 117 [16]

Flood Resilience Index � � � � � � � � � � � 91 [21]

Resilience Factor Index � � � � � 17 [22]

Community disaster
resilience � � � � � � 26 [23]
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Table 1. Cont.
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NIST (National Institute of
Standards and Technology)
Community Resilience
Assess. Methodology

� � � � � � � � � � - [24]

UKWIR (UK Water Industry
Research) � � � � 73 [25]

UN-Habitat CRPT � � � � � � � � � � � � � 148 [7]

* e.g., Telecommunications, healthcare, education, population.

Taking into account the mentioned scope, the need of a framework (Table 1) that is freely available
to be usable by cities and urban services managers was identified, allowing, on the one hand, a
structured and objective-driven assessment of their city’s resilience considering the integration of all
themes and sectors simultaneously and, on the other hand, an assessment of resilience of a single sector
considering its interdependencies with other sectors and its contribution to the city resilience.

Grounded in the analysis of these existing frameworks, and in order to bridge the additional gaps
and needs identified, particularly in the assessment of strategic urban sectors and their interactions
with both other sectors and in the wider urban system, the Resilience Assessment Framework (RAF)
was developed—a resilience assessment framework with focus on climate change and the water cycle,
herein described.

2. Materials and Methods

2.1. RAF—Resilience Assessment Framework Aims, Assumptions and Development Approach

Considering the challenges of urban areas related to the potential effects of climate dynamics,
enhancing urban resilience requires: (i) identification of the real needs, (ii) sustainable action planning
and (iii) assessing progress. In order to support the mentioned requirements, bridging the gaps and
the abovementioned needs identified, a Resilience Assessment Framework (RAF) was developed with
the main purpose of contributing to the referred requirements, namely:

(i) Directing and facilitating a structured resilience diagnosis of the cities and of the strategic
urban sectors, following an objective-driven approach [11] with defined assessment criteria and
identifying data gaps, opportunities, threats, strengths and weaknesses, highlighting the areas
for improvement.

(ii) Outlining a path for the development of cities’ resilience action plans by supporting
decision-making in the selection of resilience measures and the development of strategies
to enhance resilience.

(iii) Monitoring the resilience progress of a city or service over time, by applying it periodically, and
facilitating communication among stakeholders.

The RAF described herein considers the following assumptions:

• The scope is urban resilience to climate change (CC), with a focus on the water cycle, meaning
that other diverse resilience drivers such as earthquakes, economic crises and cyberattacks, are
not taken into account.

• The emphasis is on the city, services and infrastructure resilience, meaning that resilience aspects
such as social and political are not developed for diagnosis, but they are incorporated whenever
significant for city, services’ and infrastructures’ resilience.
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• The services within the RAF scope are those comprised in the urban water cycle, water supply,
wastewater and storm water and those having interconnections and interdependencies, closely
related with the water services: waste management, electrical energy supply and mobility.

• The external context of the city and services is considered by a standard characterisation profile of
the city and of the services, since it is fundamental to identify the main threats and to support the
assessment, particularly the interpretation of results.

• The city and services multi-scale, multi-sectoral, multi-hazards and interdependencies are
addressed, meaning that the RAF incorporates: different scales—city, services and infrastructure,
the diverse sectors presented above, assessment of several hazards and of aspects related to
interdependencies between different services and infrastructures.

• The continuous improvement principle [11] is followed and, since cities are dynamic, it addresses
the progress of the strategies’ implementation and considers their effect, before, during and after
an event and changes in circumstances.

• The long-, medium- and short-terms are incorporated considering three different and aligned
assessment levels for the city, services and infrastructures (strategic—overlooking a long-term
planning horizon and requiring the involvement of the entire organisation, addressing the
overall city and considering its vision; tactical—overlooking a medium-term planning horizon
and addressing departmental or sectoral activities in the city, services and infrastructure; and
operational—referring to short-term horizon, addresses the actions to be taken in the effective
implementation of measures in the city, services and infrastructure) while, as an integrated
assessment, addresses the two first.

• A flexible structure is used, based on assessment metrics, allowing it to be expanded to other
resilience drivers, dimensions or services.

The development and implementation of the assessment process, in collaboration with different
stakeholders, promotes their empowerment and enhance their role in the decision-making process [26],
as well as in the implementation of improvement solutions. To consider this, the RAF development was
carried out in a stepwise process (Figure 1), comprising the analysis of existing assessment frameworks
and related recommendations, and the definition of a preliminary proposal, which was validated to
produce the final version.

Figure 1. Resilience Assessment Framework (RAF) development process flow chart.

The validation process included an external and an internal validation [26]. The external validation
involved different stakeholders, representatives of research organisations, city departments and urban
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service utilities, allowing for incorporating their concerns as well as their own context and reality
through collaborative workshops. Three workshops were implemented in each city, Barcelona (Spain),
Lisbon (Portugal) and Bristol (UK), to obtain the stakeholders’ opinion on the RAF relevance, structure
and applicability, as well as their concerns, own context and reality. Overall, 24 to 38 stakeholders
attended each of the sessions, from 13 to 24 different organisations, answering individually and by
sector to several surveys.

To ensure coherence, feasibility and effectiveness of the approach, the internal validation was
carried out in the abovementioned cities, having different characteristics and contexts, which applied
this framework involving the respective stakeholders. Each city and respective services provided their
own data and answers to all applicable metrics. From the external and internal validation analysis,
it was possible to identify the RAF components that benefited from additional improvements and
those that less fitted the cities’ available information, thus supporting the development of the final
framework herein presented. It is important to take into account that cities are multi-dimension
entities and, therefore, urban resilience needs to consider multidisciplinary insights. Additionally,
resilience of a city is determined by diverse interacting systems and their relationships. For this
reason, resilience also depends on the overall performance, interactions and capacity of its systems in
their everyday operation, not solely on its ability to cope with specific natural hazards or to adapt
targeted areas to the impacts of climate change [27]. Thus, it is essential to address interdependencies
and cascading effects [28]. Another relevant aspect is that it needs to include both sudden crises as
well as interacting long-term stressors, address multiple hazards, characterise the specific geographic
extent, consider physical dimensions, involve community members and be adaptable and scalable to
different communities and changing circumstances [24]. These requirements were considered in the
RAF development.

2.2. RAF—Resilience Assessment Framework Description

RAF sought alignment with international frameworks for resilience assessment, particularly with
UNDRR Disaster Resilience Scorecard, both preliminary and detailed levels [6,7], and UN-Habitat, and
made significant developments with regard to its scope and focus on urban services. The RAF considers
the UN-Habitat resilience dimensions [29]: organisational (integrates top-down governance relations
and urban population involvement, at the city level), spatial (referring to urban space and environment),
functional (resilience of strategic services) and physical (resilience of services infrastructure). Time
dimension is implicitly integrated as part of the analysis. The RAF (Table 2) has a hierarchical tree
structure (Figure 2) meaning that, for each dimension, resilience objectives are defined, representing
the ambitions to be achieved in the medium–long term by the city and services. For those dimensions
related to the urban services, they firstly unfold into sub-dimensions, where each sub-dimension
represents one service to be assessed. Each objective is described by a set of criteria that translate
the different points of view associated with it. Each criterion assembles the respective assessment
metrics, through which it is possible to classify the resilience development level by comparison with
reference values. Metrics are then defined consisting in questions, parameters or functions used to
assess the criteria. Some of the RAF metrics correspond to or were adapted from existing frameworks,
mainly from UNDRR framework (former UNISDR)—found to be highly relevant for the scope of the
RAF, and others were newly developed. In Appendix A, the complete structure is presented. As an
example, Table 3 illustrates the metrics definition to assess, within the spatial dimension, the objective
of spatial risk management from the perspective given by the criterion impacts of climate-related
events, showing the hierarchical tree structure mentioned above.
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Table 2. Overview of the RAF dimensions.

ORGANISATIONAL SPATIAL

OBJECTIVE
Criterion

No.
total

metrics

No. essential
metrics

OBJECTIVE
Criterion

No.
total

metrics

No. essential
metrics

COLLECTIVE ENGAGEMENT AND AWARENESS SPATIAL RISK MANAGEMENT

Citizens and communities’
engagement 5 3 General hazard and

exposure mapping 5 5

Citizens and communities’
awareness and training 5 3 Hazard and exposure for CC 3 3

LEADERSHIP AND MANAGEMENT Resilient urban development 7 4

Government
decision-making and finance 4 3 Impacts of climate-related

event 2 2

Coordination and
communication with
stakeholders

4 2 PROVISION OF PROTECTIVE INFRASTRUCTURES AND
ECOSYSTEMS

Resilience engaged city 19 13 Protective infrastructures
and ecosystems services 9 6

CITY PREPAREDNESS
Dependence and autonomy
regarding other services
considering CC

3 2

City preparedness for
disaster response 13 8 TOTAL 29 22

City preparedness for CC 7 6
City preparedness for
recovery and build back 7 5

Availability and access to
basic services 10 7

TOTAL 74 50

FUNCTIONAL PHYSICAL

OBJECTIVE
Criterion

No.
total

metrics

No. essential
metrics

OBJECTIVE
Criterion

No.
total

metrics

No. essential
metrics

SERVICE PLANNING AND RISK MANAGEMENT SAFE INFRASTRUCTURE

Strategic planning 5 5 Infrastructure assets
criticality and protection 5 5

Resilience engaged service 5–6 4–5 Infrastructure assets
robustness 10–14 4–6

Risk management 7–12 2–7 AUTONOMOUS AND FLEXIBLE INFRASTRUCTURE

Reliable service 6–11 1–5

Infrastructure assets
importance to and
dependency on other
services

3–4 3

Flexible service 4–6 1–4 Infrastructure assets
autonomy 1–6 0–4

AUTONOMOUS
SERVICE

Infrastructure assets
redundancy 1–3 0–3

Service importance to the
city 2 1 INFRASTRUCTURE PREPAREDNESS

Service inter-dependency
with other services
considering CC

2 0 Contribution to city
resilience 3–4 2–3

SERVICE PREPAREDNESS
Infrastructure assets
exposure to CC 3 0–3

Service preparedness for
disaster response 0–4 0–4 Preparedness for CC 2 1

Service preparedness for CC 6–8 4 Preparedness for recovery
and build back 7–9 2–4

Service preparedness for
recovery and build back 0–15 0–8 TOTAL 35–50 17–32

TOTAL 37–71 18–43
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Figure 2. RAF tree structure.

Table 3. Metrics definition—example for spatial dimension, objective spatial risk management, criterion
impacts of climate-related event.

DIMENSION: SPATIAL
objective: spatial risk management

Criterion: Impacts of Climate-Related Event Unit

Metric: S16
Definition

Dimension Importance
Metric type

Human loss in the last events
Human impact of the last climate-related
event, with similar or harsher climate
variables than the most probable scenario
Spatial
Essential
Open value

(-)

Please answer with an estimated figure [inhab.], disaggregating according to (a) number of casualties, (b)
missing persons and (c) people affected—including severe injuries and displaced. This metric allows to
answer with a value.
Development level: assessment rule

- (a) number of casualties
- (b) missing persons
- (c) people affected—including severe injuries and displaced

Develop. Level

3 if a, b and c = 0
2 if a and b = 0 and c ≤ 50
1 if a = 0, b ≤ 5 and c ≤ 50
0 if any other answer

Metric: S17
Definition

Dimension Importance
Metric type

Damages in urban footprint in the last events
Impact on urban footprint of the last
climate-related event, with similar or harsher
climate variables than the most probable
scenario
Spatial
Essential
Single choice

(%)

Consider urban footprint as a spatial extent of urbanised areas on a regional scale.
Development level: assessment rule

- 0%
- Less or equal to 0.5%
- Between 0.5% and 2.5%
- More or equal to 2.5%

Develop. level

3
2
1
0

The framework considers past, existing and future conditions in the assessment. To incorporate
the uncertainties associated to expected variations in climate-related variables, some metrics are specific
to CC assessment scenarios, namely those that address preparedness for CC, and that anticipate the
city and services’ exposure or vulnerability to future scenarios. Besides, the consideration of reference
values allows to generally address uncertainties in the assessment.
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A relevance degree is assigned to each metric, namely: essential, corresponding to all metrics with
higher relevance, required to integrate the resilience assessment of any city or service, complementary,
additional metrics to be considered whenever integration of city or service specific aspects is sought,
corresponding to a more detailed resilience assessment and comprehensive, additional metrics
recommended whenever a more in-depth assessment is aimed, for a city or service with higher maturity
in its resilience path. Accordingly, depending on the resilience maturity, the city or service aiming to
apply the RAF may select a given set of metrics, according to their relevance.

Additionally, every city or urban service needs to operate in its own specific political, economic,
geographical, climatic and cultural context. Considering the context information is fundamental in
interpreting any assessment. Following this, city and services’ characterisation profiles were developed
to integrate the RAF framework, regarding its scope and focus. These profiles require information on
geographical characteristics, climate, population, economy and governance, built environment and
infrastructures, for the city. Regarding each service, it considers information on context characterisation,
climate and infrastructure assets.

2.3. Research Sites

2.3.1. General

In order to test and validate the RAF to assess the cities’ resilience to climate change with a
focus on the water cycle, it was applied to Bristol (UK), Barcelona (Spain) and Lisbon (Portugal) by
the respective cities and strategic services managers. These three cities represent diverse context
characteristics as well as different climate change-related concerns. The application was undertaken
using the RAF App, a web-based application tool reproducing the RAF structure that allows selection
of applicable dimensions and services to assess and allows private submission of answers to the metrics.
The results may be visualised graphically (Figures 3–5) and reports are also provided [30].

2.3.2. Bristol

Located in the south-west England, predominantly on a limestone area, Bristol is one of the most
densely populated parts of the UK and, after London, the second largest city in the southern region.
Most of the urban extent of Bristol is based around the watercourses and river network, with two major
rivers flowing through the city (Avon and Frome rivers), resulting in a characteristically hilly landscape.
It is one of the warmest cities in the UK and there is a relatively even distribution of rainfall throughout
the year, although the autumn and winter seasons tend to be the wettest. Within this context, Bristol has
been investing in plans to create and improve resilient systems to tackle its various urban challenges.
Based on the analyses conducted by local and international actors working on resilience, the main
urban challenges in Bristol can be profiled firstly in terms of natural and environmental hazards and
secondly with regards to broader socio-economic issues. Bristol has suffered from significant flooding
in the past, with the floating harbour and low-lying city centre being identified as key areas vulnerable
to tidal, fluvial and groundwater flooding. The flood of 1968 was one of the most significant and
damaging flooding events in the city, caused by both surface water and fluvial flooding that resulted
in high damages and impacts to the city and its inhabitants. The construction of large interceptor
tunnels in response to this, to divert exceedance flows higher up in the catchment, reduced fluvial
flood risk in the city. In 2012, significant flooding occurred across most of the UK due to some of
the highest rainfall events since record collection began. During this time, the most notable single
flood event lasted two days, with 30 houses internally flooded and many more suffering flooding of
gardens, garages and driveways. In order to better manage flood risks in Bristol area, a ‘Local Flood
Risk Management Strategy’ was produced and released in early 2018. The Strategy sets out the Bristol
City Council vision for managing flood risk in the city, together with other organisations that have
a role in flood-risk management [29]. Bristol City Council has already developed an intensive work
towards resilience, and it is proactively committed to increase Bristol’s resilience: from social cohesion
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to economic stresses and by enhancing resilience to all sources of flooding. The resilience of the city to
climate change (CC) can be highly related to its urban services’ resilience, their interdependencies and
cascade effects. For Bristol, the resilience assessment was undertaken for the flooding hazard related to
rainfall and sea level variables, by its importance regarding Bristol resilience to CC.

  
(a) (b) 

  
(c) (d) 

Figure 3. Bristol resilience assessment results for flooding: (a) Overall assessment, (b) overall assessment
per dimension, (c) assessment of the objective autonomous electrical energy service, (d) assessment of
the criterion water service preparedness for disaster response.

2.3.3. Barcelona

Located on the northeast coast of the Iberian Peninsula facing the Mediterranean Sea, Barcelona
is the capital city of the autonomous community of Catalonia, Spain. The city is situated on a plain
spanning and is bordered by the mountain range of Collserola, the Llobregat river in the southwest
and the Besòs river in the north. Barcelona is the second most populous municipality within Spain.
However, the population increased slowly but steadily until the 1970’s, when the city reached its
maximum population, thereafter, it stabilized and even decreased at the beginning of the 21st century,
reaching the average population of 1.6 million inhabitants. Barcelona’s physical expansion has been
limited by the mountains and the sea, resulting in a relatively high population density, among the
highest in Europe. Within this context, Barcelona’s major vulnerabilities are mainly attributable to the
natural and environmental threats faced by the wider Catalonia region. Barcelona’s past and recent
history has been punctuated with recurrent water crises but also with rainfall events with very strong
intensity over short time frames. The most severe and recent disruptive event hitting the urban area
was between 2004 and 2008. During that period, four years of scarce precipitation in the Llobregat
and Ter rivers’ headwaters, coupled with an increased evaporation rate due to high temperatures,
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culminated in the Spring 2008 water crisis affecting over 5.5 million people in the broader Catalonia.
In that context, the Regional Government had to adopt exceptional procedures to minimise water
waste, while the City of Barcelona was simultaneously forced to introduce restrictive measures over
water use. Since then, several structural measures to ensure water supply have been implemented [29].
In January 2018, the city declared the pre-alert level of the Drought protocol after three consecutive
years of low rainfall. The city is affected every year by an average of three intense rainfall events
and one extreme flooding event every five years, although these frequencies have been increasing in
the last years. Barcelona also has records of one heat wave every four years, a trend that has been
increasing notably in the latest years. In 2003, a heatwave that lasted 13 days increased in more than
40% the average mortality. The last heat wave event was in summer 2018, it was 7 days long and
caused up to 10 direct deaths. The resilience of the city to climate change can be highly related to its
urban services’ resilience, their interdependencies and cascade effects. The Barcelona Municipality has
already developed an intensive work towards resilience, and it is proactively committed to increase
Barcelona’s resilience: from social exclusion to economic stresses, flooding, drought and heat waves.
For Barcelona, the resilience assessment was carried-out for flooding, combined sewer overflows,
drought and heat waves, considering the variables related to rainfall, sea level and temperature.

2.3.4. Lisbon

Located on the northern bank of the Tagus River’s estuary, one of the 18 municipalities of the
biggest Portuguese metropolitan area, Lisbon is the capital of Portugal and the second largest European
port on the Atlantic Ocean. The city has a Mediterranean Climate (Csa), characterised by dry and
hot summers and wet and fresh winter periods with a relatively low precipitation rate compared
to other Portuguese cities. Lisbon Metropolitan Area, with a population of 2.8 million inhabitants,
stretches on both sides of the Tagus River, contributing to 37% of the national economic output. Today,
Lisbon is a complex system with more than 1.0 million citizens who live, work, study, circulate and
visit the city, Portuguese in the majority, with different ages, cultures, religions, ethnicities, education
levels, knowledge and languages. Based on the analyses conducted by both local public stakeholders
and international actors working on resilience in Lisbon, one of the urban challenges is related to a
combination of contextual environmental, emergency, civil protection and urban planning threats with
the contingent impacts of climate change crisis [29]. Since 1950, about 43 relevant events of extreme
weather occurred in Lisbon. From these, nine events were related to hot weather, including heat
waves, with a maximum temperature of 42 ◦C recorded in August of 2003, 13 events related to cold
weather, including cold waves, with a minimum temperature of −1.2 ◦C recorded in February 1956,
two strong wind and gusts events, with a maximum wind velocity of 108.4 km/h, recorded in January
2014 and 10 rainfall-induced flood events, with a maximum return period of 500 years, recorded in
November 1983. The resilience of the city to climate change can be highly related to its urban services’
resilience, their interdependencies and cascade effects. Lisbon Municipality has already developed
an intensive work towards resilience, and it is proactively committed to increase the resilience of the
city: from social exclusion to economic stresses and from seismic shocks to flooding, combined with 17
Sustainable Development Goals’ achievement. For Lisbon, the resilience assessment was undertaken
for the flooding hazard, related to rainfall and sea level variables.

3. Results

3.1. Bristol

The RAF was applied in Bristol in order to assess the current level of city resilience to flooding.
Some results are presented in Figure 3. This could then subsequently identify where the gaps lie and
what particular aspects are lacking to help formulate plans to improve or enhance upon the existing
status, based on this resilience diagnosis. It went into a great level of detail investigating many aspects
of city resilience quite thoroughly. The overall resilience development in the city was deemed as
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advanced in nearly half of the aspects assessed (Figure 3a). In this same respect, around a quarter
were shown as progressing and the remainder incipient, unanswerable or not applicable. Various city
services were given consideration including storm water, wastewater, energy, mobility and solid waste
management operations.

The analysis highlighted the advancement in organisational areas more so over physical areas
(Figure 3b), which were deemed more absent. Infrastructure resilience to climate change is therefore
the main concern on reflection of this. In their own respect, the individual services seem resilient to a
point, due to a focus on building resilience to historical events in the city and in response to national
flood-risk issues. There is, however, susceptibility in the realms of reliance upon inter-related services
and a lack of understanding of the cascading impacts and interdependencies between them.

The results from the analysis highlight the coordination between governmental organisations that
is not always experienced to the same level externally with all privately run organisations. Engagement
with communities is also a dynamic that is not completely to its maximum sufficiency. Availability
of service resources is good, since diverse energy sources are used in the city, but the reliance on
electricity without alternative provisions is a notable limitation (Figure 3c). Resilience standards to
adhere to as well as the position of a Chief Resilience Officer being eliminated make for more areas
lacking in Bristol. Learning from past events is a commendable action performed well in Bristol, but
the running of emergency scenarios and drills does not appear to be simulated enough to gain its full
benefit (Figure 3d). The known threats of a significant proportion from sea level rise and increased
rainfall present an extreme level of vulnerability to the city and its inhabitants. There are, however,
also opportunities presented, though through the declaration of a climate emergency in Bristol, they
require drastic action implemented via a climate strategy. The chance for properly applying climate
adaptation measures utilising the knowledge developed of high-risk areas in the city therefore has
greater prospect for recognition and the enablement for realisation.

3.2. Barcelona

The RAF enables to highlight where Barcelona and its urban services stand today regarding
resilience to climate change, and to identify the most critical aspects to be improved, taking into
account both the reference situation and the expected impacts of future climate change scenarios. The
diagnosis allowed for understanding those aspects that are being tackled properly from the city and
was also to determine gaps and areas of improvement thanks to the great level of detail of the different
dimensions that make up the assessment. Some results are presented in Figure 4. The exhaustive
analysis led the city to an intense and deep level of self-knowledge about its level of resilience in
different ways of approach (Figure 4a). In this sense, the organisational and spatial dimensions yielded
good results about the level of response to the metrics considered, reaching a response level of almost
100% (Figure 4b). Regarding the physical and functional dimensions, several services of the city
were assessed, namely water, wastewater, storm water, energy, waste management and mobility. The
assessment showed those services that are well managed and monitored as waste or water services, but
it also highlighted the need of improvement in the energy sector, storm and wastewater and mobility
services (Figure 4c,d). For Barcelona, most data gaps can be blamed on the definition of the metrics
to be applied and the differences in the way how these metrics are calculated. Most of the time, the
indicators did not fit with the ones the city already determines and it would entail a noteworthy effort
to address the asked specifications. Without assuming harm, this identification of gaps means an
opportunity to improve a new approach to measuring the different aspects of resilience in the city.
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(a) (b) 

  
(c) (d) 

Figure 4. Barcelona resilience assessment results for flooding: (a) Overall assessment, (b) overall
assessment per dimension, (c) functional overall assessment per service, (d) physical overall assessment
per service infrastructure.

The RAF enabled the ability to be realistic with the resilience level of city services. It shed light
on the state-of-the-art of urban resilience in Barcelona, highlighting those areas where the city works
properly and progresses positively to a high degree of preparedness. At the same time, it has helped to
determine those aspects where there is still room for improvement and has also given the chance of
applying a methodology capable to reach the deepest areas that make up the operation of a city.

3.3. Lisbon

The RAF was applied in Lisbon in order to assess the current level of city resilience to flooding.
The application of a structured resilience assessment framework enables the identification of the
resilience criteria, objectives, services and city dimensions with major accomplishments, setbacks
or opportunities for improvement. Therefore, it supports identification of resilience measures and
development of strategies. Some results are presented in Figure 5. The overall resilience development
in the city is advanced in nearly one third of the aspects (Figure 5a). Globally, around a quarter
shows progress, meaning that significant steps were already taken, and the city and services are still
developing specific aspects. The remainder correspond to incipient, unanswerable or not applicable
metrics. Various city services were assessed with more detail, including stormwater, wastewater,
energy, mobility and solid waste management.
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(c) (d) 

Figure 5. Lisbon resilience assessment results for flooding: (a) Overall assessment, (b) overall
assessment per dimension, (c) physical overall assessment per service infrastructure, (d) assessment of
the objective spatial risk management.

The analysis highlighted a significant advancement in spatial areas more so over physical areas,
which were deemed more absent (Figure 5b). The organisational dimension as well as all the services
and infrastructures present aspects already having an advanced development level, while still having
significant opportunities for improvement. In the mobility service, considering the significant percentage
of metrics that were not answered, data may be not be easily applicable to the metrics provided or some
lack of information may exist. This is also applicable to the infrastructure assessment of the stormwater,
waste and energy services (Figure 5c). Infrastructure resilience to climate change is therefore the main
concern on reflection of this. For all services, the contribution of infrastructure to city resilience needs to
be more exploited.

The results from the organisational analysis highlight that citizens and communities’ awareness
and training is one of the aspects that needs further development, followed by the city preparedness for
disaster response and for recovery and build back. Engagement with communities is also a dynamic
that is not completely to its maximum sufficiency as well as the coordination of financial plans and
budgets for resilience.

Concerning the spatial analysis, the provision of protective infrastructures and ecosystems is
well developed, while the knowledge on climate change hazard and exposure as well as impacts are
highlighted as opportunities to be further developed (Figure 5d).

Generally, there is strong development of strategic planning and there is limited preparedness
in the wastewater service for climate change, as well as limited autonomy for the majority of the
services, with the exception of the stormwater service. There are, however, some susceptibilities in the
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realms of reliance upon inter-related services and a lack of understanding of the cascading impacts
and interdependencies between those for climate change.

This diagnosis of the main strengths and weaknesses supports the identification of the adequate
measures for resilience enhancement to climate change. This assessment is a step up in Lisbon’s
Climate Change Resilience Process and one diagnosis to be integrated in the ongoing Climate Action
Plan of the city.

4. Discussion

By applying the RAF (Sections 2.1 and 2.2) to Bristol, Barcelona and Lisbon (Section 2.3), from
the results obtained (Sections 3.1–3.3), it was possible to validate that it provides information on the
assessment of the current level of the cities’ resilience to climate change with a focus on the water
cycle. The framework delivers a structured assessment clearly identifying the work already carried out,
translating the strengths of the cities’ resilience and which dimensions of resilience they fit into most.
This is illustrated by the advanced or progressing values in Figures 3a,b, 4a,b and 5a,b. Besides the
assessment of the organisational and spatial dimensions of the city, one particular aspect to emphasize
is the identification of the contribution of the urban services to cities’ resilience, as evident in Figures 3b,
4b–d and 5b,c. At the same time, the framework highlights the gaps, including limitations on data
related to unanswered metrics. It also indicates particular aspects that are lacking, as can be seen by
incipient values in Figures 3c,d and 5d, as well as those in more need of further development, given by
progressing values in the same figures.

It is evident that the RAF enables to highlight where the cities and respective urban services stand
today regarding resilience to climate change, and to identify the most critical aspects to be improved.
It should, however, be noted that results of unanswered metrics, corresponding to limitations on data,
may be due both to a lack of information or to the alignment in the way existing information is processed
in the city with the way the metrics are calculated, as in the Barcelona case (Section 3.2). This last case
is likely to occur in cities already using other assessment frameworks. Whenever the framework in use
allows to assess the same concerns, i.e., the resilience objectives and criteria corresponding to those of
the RAF, they may be used instead. Nevertheless, this provides the challenge to align the RAF with
other existing frameworks in this scope. In these circumstances, it is fundamental to clearly identify
actual data gaps in the cities and services that need to be filled.

Considering the assignment of a relevance degree described in Section 2.2, it is possible to
undertake a stepwise process going into a gradually deeper assessment, depending on the resilience
maturity of a city, allowing replicability of the methodology to other cities and services. The framework
allows to go into a considerable level of detail investigating many aspects of city resilience quite
thoroughly. The whole assessment provides a resilience diagnosis that helps with formulating plans to
improve or enhance upon the existing status.

It is feasible to use the RAF to assess diverse hazards such as flooding, combined sewer overflows,
drought and heat waves, as it was in the case of Barcelona (Section 2.3.2). The framework may be
applicable to provide an overall response regarding the cities’ resilience assessment or it may be applied
to assess a certain urban service within its scope (Section 2.1).
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5. Conclusions

The resilience assessment framework (RAF) herein presented enables to highlight where the cities
and respective urban services stand today regarding resilience to climate change, and to identify the
most critical aspects to be improved, taking into account both the reference situation and the expected
impacts of future climate change scenarios. The diagnosis allows for understanding those aspects that
are being tackled properly and also to determine gaps and areas of improvement thanks to the great
level of detail of the different dimensions that make up the assessment. It also provides a means to
assess resilience progress, therefore contributing to an integrated and forward-looking approach to
resilient and sustainable urban development. Additionally, it may facilitate communication among
different stakeholders and between different decision levels.

The application of this framework to Bristol, Barcelona and Lisbon cities have demonstrated that
the RAF is a tool that provides support to a structured assessment of urban resilience to climate change
with a focus on water. Even though it was developed within the scope of climate change and with
a focus on the water cycle, replication to other hazards and services is considered on its foundation.
Given its different assessment levels, it may be used by any city, service or organisation that intends to
undertake a resilience assessment with this scope and focus, regardless of their resilience maturity.
The RAF allows to align with the resilience path and integrate the work already in place in the cities
and services, as well as to consider the information provided by diverse analysis approaches and tools,
already in use or to be used by the city and service managers. Given the adopted structure, an effective
and robust implementation requires the involvement of multiple parties, in a collaborative process
allowing incorporation of the best available information.

The RAF is a flexible framework allowing further inclusion of additional dimensions, such as
social or economic, and of other objectives, criteria and metrics, for the services already addressed.
Moreover, it may be strengthened with the incorporation of other services, such as telecommunication,
education or health. Other development opportunities are the consideration of other hazards, such as
earthquakes, or of other risks.
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Appendix A

Resilience Assessment Framework Including Metrics Overview

Table A1. Organisational dimension.

OBJECTIVE
Criterion
PI

PI Unit

COLLECTIVE ENGAGEMENT AND AWARENESS

Citizens and communities’ engagement

O01 Community or “grassroots” organisations, networks and training (-)
Are grassroots or community organisations participating in pre-event planning and
post-event response for each neighbourhood in the city? (UNISDR Scorecard P7.1)

O02 Civil society links (-)
Are civil society organisations engaged? (UNISDR Scorecard D4.1.4 (adapted))

O03 Engagement of vulnerable groups of the population (-)
There is evidence of disaster resilience planning with or for the relevant groups of vulnerable
population, and there is a confirmation from those groups of effective engagement. (UNISDR
Scorecard D7.2.2 (adapted))

O04 Citizen engagement techniques (-)
How effective is the city at citizen engagement and communications in relation to disaster risk
reduction (DRR)? (UNISDR Scorecard P7.4)

O05 Use of mobile and e-mail “systems of engagement” to enable citizens to receive and give
updates before and after a disaster (-)

Use of mobile and social computing-enabled systems of engagement. All information before,
during and after an event is supported by email, available on mobile devices, supported by
alerts on social media, used to enable an in-bound “citizen to government” flow allowing
crowd sourcing of data on events and issues. (UNISDR Scorecard D7.4.2 (adapted))

Citizens and communities’ awareness and training

O06 Public education and awareness (-)
Existence and reach of a co-ordinated public relations and education campaign, with
structured messaging and channels to ensure hazard, risk and disaster information is
disseminated to the public. (UNISDR Scorecard P6.2)

O07 Training delivery (-)
Existence and reach (to all sectors) of training courses covering risk and resilience issues.
(UNISDR Scorecard P6.4)

O08 Drills (-)
Do practices and drills involve both the public and professionals? (UNISDR Scorecard P9.7)

O09 Social networks (-)
Are there regular training programmes provided to the most vulnerable and at need
populations in the city?

O10 Validation of effectiveness of education (-)
Knowledge of “most probable” risk scenario and knowledge of key response and preparation
steps is widespread throughout city. Tested by sample survey. (UNISDR Scorecard D7.4.3
(adapted))

O11 Consultative planning process (-)
Existence and characteristics of formal planning consultative process?

O12 Planning approval process (-)
Characteristics of the planning approval process?

O13 Public finances (-)
Are the objectives of the city Strategy and/or Planning portfolio matched by adequate public
finances?

O14 Financial plan and budget for resilience, including contingency funds (-)
Does the city have in place a specific ‘ring fenced’ (protected) budget, the necessary resources
and contingency fund arrangements for local disaster risk reduction (DRR) (mitigation,
prevention, response and recovery)? (UNISDR Scorecard P3.2)
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Table A1. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Coordination and communication with stakeholders

O15 Co-ordination with other government bodies (-)
Does the city have a formal mechanism (e.g., Office, Committee, National/Regional Platform)
to coordinate actions between city and other international, national, regional or local
governments, which ensures integrated and flexible communication and collaboration
between them?

O16 Multi-stakeholder collaboration (-)
Does the city have a formal stakeholder engagement programme (including the most socially
vulnerable and at need populations)?

O17 Access and use of digital services (-)
In its stakeholder engagement programme, does the city encourage access and use of digital
services?

O18 Collaboration mechanisms (-)
In its stakeholder engagement programme, does the city have mechanisms to ensure: a)
regular, proactive and inclusive multi-stakeholder collaboration (including the most socially
vulnerable and at need populations) ( . . . )

Resilience-engaged city

O19 City Master Plan making and implementation (-)
Does the city master plan (or relevant strategy/plan) include and localise and/or implement
objectives of Agenda 2030?

O20 City Master Plan monitoring and review (-)
Is the City Master Plan periodically monitored and reviewed, ensuring it remains relevant and
is properly operational?

O21 Hazard Assessment (-)
Existence of hazard assessment(s) (knowledge of key hazards that the city faces, including
likelihood of occurrence)? (UNISDR Scorecard P2.1 (adapted))

O22 Damage and loss estimation (-)
Does risk assessment include estimations of damage and loss from potential disasters, based
on current development and future urban and population growth? (UNISDR Scorecard D2.2.2
(adapted))

O23 Shared understanding of infrastructure risk (-)
Is there a shared understanding of risks between the city and various utility providers and
other regional and national agencies that have a role in managing infrastructure such as
power, water, roads and trains, of the points of stress on the system and city scale risks?
(UNISDR Scorecard P2.2)

O24 Plan for resilience (-)
Does the city have a municipally approved resilience plan (strategy or action plan)? And what
is its timeframe?

O25 Plan for resilience and Climate Change (-)
Does the resilience plan consider climate change (projection, scenarios, impacts, etc.)?

O26 Plan integration in the City Master Plan (-)
Is the resilience plan integrated with the City Master Plan?

O27 External support for the resilience plan (-)
Is the document being developed by the city alone or with support from INGOs/UN bodies
working on the subject?

O28 Robustness of resilience plan (-)
How robust is the resilience plan?

O29 Resilience Plan monitoring and review (-)
Is the resilience plan periodically monitored and reviewed, ensuring it remains relevant and
operational?

O30 Knowledge of resilience scenarios (-)
Are there agreed scenarios for resilience (with relevant background information and
supporting notes, updated at agreed intervals), setting out city-wide exposure and
vulnerability from each hazard, or groups of hazards? (UNISDR Scorecard P2.3 (adapted))
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Table A1. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Resilience-engaged city

O31 Data sharing (-)
Extent to which data on the city’s resilience context is shared with other organisations
involved with the city’s resilience. (UNISDR Scorecard P6.3)

O32 Integration (-)
Is resilience properly integrated with other key city functions/portfolios? (UNISDR Scorecard
P1.3)

O33 Organisation, coordination and participation (-)
Is there a multi-agency/sectoral mechanism with appropriate authority and resources to
address resilience?

O34 Critical infrastructure as a priority (-)
Is critical infrastructure resilience a city priority? (UNISDR Scorecard P8.1 (adapted))

O35 Critical infrastructure plan overview (-)
Does the city own and implement a critical infrastructure plan or strategy? (UNISDR
Scorecard P8.1 (adapted))

O36 Cascading impacts (-)
Is there a collective understanding of potentially cascading failures between different city and
infrastructure systems, under different scenarios, and a mapping of such cascading effects is
available? (UNISDR Scorecard P2.4 (adapted))

O37 Learning from others (-)
Is the city proactively seeking to exchange knowledge and learn from other cities facing
similar challenges? (UNISDR Scorecard P6.6 (adapted))

CITY PREPAREDNESS

City preparedness for disaster response

O38 Early warning (-)
Existence of Early Warning System for monitoring, forecasting and doing predictions on
hazards (including climate change-related events) (UNISDR Scorecard P9.1 (adapted))

O39 Reach of warning (-)
Percentage of population reachable by early warning systems (UNISDR Scorecard P9.1.1.1
(adapted))

O40 Communications (-)
Would a significant loss of service be expected for a significant proportion of the city in the
‘worst case’ scenario event? (UNISDR Scorecard P8.6)

O41 Event management plans (-)
Is there a disaster management/preparedness/emergency response plan outlining city
mitigation, preparedness and response to local emergencies? (UNISDR Scorecard P9.2)

O42 Staffing/responder needs (-)
Does the responsible disaster management authority have sufficient staffing capacity to
support first responder duties in surge event scenario? (UNISDR Scorecard P9.3)

O43 Equipment and relief supply needs (-)
Are equipment and supply needs, as well as the availability of equipment, clearly defined?
(UNISDR Scorecard P9.4)

O44 Definition of human resources, equipment and supply needs, and availability of equipment (-)
Has an estimated shortfall in human resources and equipment been identified?

O45 Existence of agreements (-)
If yes, have MOUs - or several ones - been signed, regarding mutual agreements with other
cities or private sector resources, in order to cover the detected shortfall?

O46 Health care (-)
Would there be sufficient acute healthcare capabilities to deal with expected major injuries in
‘worst case’ scenario? (UNISDR Scorecard P8.7)

O47 Food, shelter, staple goods and fuel supply (-)
Would the city be able to continue to feed and shelter its population post-event? (UNISDR
Scorecard P9.5)

O48 Interoperability and interagency working (-)
Is there an emergency operations’ centre, with participation from all agencies, automating
standard operating procedures specifically designed to deal with “most probable” and “most
severe” scenarios? (UNISDR Scorecard P9.6)
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OBJECTIVE
Criterion
PI

PI Unit

CITY PREPAREDNESS

City preparedness for disaster response

O49 Existence of civil society focal points for citizens (-)
Existence of volunteers and civil society organisations acting as focal points for citizens after
an event, and regularly thereafter, to confirm safety issues, needs etc.

O50 Social connectedness and neighbourhood cohesion (%)
What is the estimated percentage of population that would be contacted by volunteers, within
the 12 hours following an event and regularly thereafter? (UNISDR Scorecard D7.2.1
(adapted))

City preparedness for climate change

O51 Management plans for climate-related events (-)
Does the city have a plan addressing climate-related events, either consisting of a specific
document or integrated into the city’s planning portfolio?

O52 Implementation of management plans for climate-related events (-)
If existing, is this document being implemented through defined standard operational
procedures?

O53 Management plans for climate-related events monitoring and review (-)
If existing, is this document being monitored and reviewed in less than a 5-year interval?

O54 Knowledge of exposure and vulnerability for climate change scenarios (-)
Are there agreed climate change scenarios setting out city-wide exposure and vulnerability
from each hazard, or groups of hazards? (UNISDR Scorecard P2.3 (adapted))

O55 City status when addressing contribution to climate change (-)
Comparing to the mean GHG emission per inhabitant that was considered to elaborate the
official RCP scenarios, what are the current city’s emissions?

O56 City commitment with mitigation of climate change effects (%)
Has the city signed any formal agreement in order to reach an established mitigation target for
GHG reduction by 2050, when comparing to 1990 values?

O57 Planning for mitigation of climate change effects (-)
Are the mitigation targets for GHG (emission reduction by 2050) being considered in the city
plans and being enforced in new projects?

City preparedness for recovery and build back

O58 Post event recovery planning—pre event (-)
Is there a strategy or process in place for post-event recovery and reconstruction, including
economic reboot, societal aspects etc.? (UNISDR Scorecard P10.1)

O59 Coordination of post event recovery (-)
Is the coordinating body for all post-disaster processes identified and structured, including the
distribution of roles and responsibilities between relevant organisations? (UNISDR Scorecard
D9.6.3 (adapted))

O60 Lessons learnt (-)
Do post-event assessment processes include failure analysis?

O61 Learning loops (-)
If yes, does this process allow to capture lessons learned, which then feed into design and
delivery of rebuilding projects? (UNISDR Scorecard P10.2 (adapted))

O62 Insurance (-)
What level of insurance cover exists in the city, across all sectors - business and community?
(UNISDR Scorecard P3.3)

O63 Damage and loss post-event assessment (-)
Does the city have a system in place to provide Post-Disaster Needs Assessment?

O64 Current post-event assessment system (-)
If yes, has such system been defined, implemented, tested and historic data is registered?
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OBJECTIVE
Criterion
PI

PI Unit

Availability and access to basic services

O65 Water supply (%)
Percentage of households with access to safe drinking water distribution.

O66 Wastewater collection (%)
Percentage of households served by wastewater collection.

O67 Wastewater treatment (-)
Provision of adequate treatment to wastewater through wastewater treatment plant.

O68 Urban waste collection (%)
Percentage of population served by regular solid waste collection (having waste picked up
within 200 m from households, by a legally established entity, on at least a weekly basis).

O69 Urban waste treatment (-)
Provision of adequate treatment to solid waste through recovery methods or disposal in
landfill?

O70 Urban electrical energy network (%)
Percentage of households with regular connection to the electricity network.

O71 Urban electrical energy alternative source (%)
Estimated percentage of households connected to alternative sources of electricity.

O72 Urban gas energy network (%)
Percentage of households with regular access to the gas distribution network.

O73 Urban mobility accessing collective transportation (%)
Percentage of population living less than 500 m. from any type of public stop, including trains,
subway, tram, bus transportation.

O74 Urban cycling mobility (-)
Is there a public plan/strategy to develop cycling paths in the city or expend the existing
network?

Table A2. Spatial dimension.

OBJECTIVE
Criterion
PI

PI Unit

SPATIAL RISK MANAGEMENT

General hazard and exposure mapping

S01 Presentation process for risk information (-)
Do clear hazard maps and data on risk exist? (UNISDR Scorecard P2.5 (adapted))

S02 Update process for risk information (-)
If yes, are these maps regularly updated? (UNISDR Scorecard P2.5 (adapted))

S03 Knowledge of exposure and vulnerability (-)
Existence of scenarios setting out city-wide exposure and vulnerability from each hazard level.
(UNISDR Scorecard D2.2.1)

S04 Scenarios and update process for risk information (-)
Risk scenarios are updated at least every three years for the following. (UNISDR Scorecard
D2.5.1 (adapted))

S05 Damage and loss estimation (-)
Damage and loss aspects taken into account by risk assessments for key identified scenarios.
(UNISDR Scorecard D2.2.2)

Hazard and exposure for climate change

S06 Potential population at risk of displacement for climate change scenarios (-)
Percentage of population at risk of displacement for three months or longer according to
climate change scenarios. (UNISDR Scorecard D4.1.1 (adapted))

S07 Urban footprint at risk for climate change scenarios (-)
Percentage of urban footprint at risk, according to climate change scenarios.

S08 Economic activity at risk for climate change scenarios (-)
Percentage of economic activity at risk from climate change scenarios. (UNISDR Scorecard
D4.1.2.1 (adapted))
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OBJECTIVE
Criterion
PI

PI Unit

Resilient urban development

S09 Land use zoning and planning (-)
Is the land use plan - including zoning - informed by risk scenarios?

S10 Land use plan monitoring and review (-)
Is this plan regularly monitored and reviewed? (UNISDR Scorecard P4.1 (adapted))

S11 Land use zoning implementation (-)
Extent to which land use zoning is implemented in the city and complied with. (UNISDR
Scorecard D4.4.1 (adapted))

S12 New urban development (-)
Is there a policy promoting physical measures in new development that enhance resilience to
one or multiple hazards? (UNISDR Scorecard P4.2 (adapted))

S13 Urban design solutions that increase resilience (-)
Does the city implement urban design solutions tasked to improve resilience? (UNISDR
Scorecard D4.2.1 (adapted))

S14 Building codes and standards (-)
Do building codes or standards exist, and do they address specific known hazards and risks
for the city? Are these standards regularly updated? (UNISDR Scorecard P4.3)

S15 Application of building codes (-)
Implementation of building codes on relevant structures, certified as such by a 3rd party.
(UNISDR Scorecard D4.4.2)

Impacts of climate-related event

S16 Human loss in the last events (-)
Human impact of the last climate-related event, with similar or harsher climate variables than
the most probable scenario.

S17 Damages in urban footprint in the last events (%)
Impact on urban footprint of the last climate-related event, with similar or harsher climate
variables than the most probable scenario.

PROVISION OF PROTECTIVE INFRASTRUCTURES AND ECOSYSTEMS

Protective infrastructures and ecosystems services

S18 Existing protective infrastructure (-)
Is existing protective infrastructure designed and built according to risk information?
(UNISDR Scorecard P8.2 (adapted))

S19 New protective infrastructure (-)
Is new protective infrastructure (in design or construction process) under development and
consistent with best practice (for asset design, building and management, based on relevant
risk information)?

S20 Maintenance of protective infrastructure (-)
Is protective infrastructure regularly maintained?

S21 Awareness and understanding of ecosystem services/functions (-)
Beyond just an awareness of the natural assets, does the city understand the functions that this
natural capital provides for the city? (UNISDR Scorecard P5.1)

S22 Awareness of the role that assets that provide ecosystem services play in the city’s resilience (-)
Assets that provide ecosystem services are specifically identified and managed as critical
assets?

S23 Trends in ecosystem services health (-)
Change in health, extent or benefit of each ecosystem service in last 5 years. (UNISDR
Scorecard D5.1.2)
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Criterion
PI

PI Unit

PROVISION OF PROTECTIVE INFRASTRUCTURES AND ECOSYSTEMS

Protective infrastructures and ecosystems services

S24 Maintenance of ecosystem services (-)
Are ecosystem services specifically maintained and annually monitored on a defined set of
key health/performance indicators?

S25 Availability of green and blue infrastructures (m2/inhabitant)
Estimated green and blue area per inhabitant.

S26 Integration of green and blue infrastructure into city policy and projects (-)
Is green and blue infrastructure being promoted on major urban development and
infrastructure projects through policy?

Dependence and autonomy regarding other services considering climate change

S27 Critical services dependence of protective infrastructures and ecosystems under climate
change scenarios (-)

Critical services (CS -RESCCUE services) dependence of protective infrastructures and
ecosystems under climate change scenarios.

S28 Autonomy from other services under climate change scenarios (-)
Protective infrastructure and ecosystems autonomy regarding critical services (CS -RESCCUE
services) loss under climate change scenarios.

S29 Transboundary environmental issues (-)
Is the city aware of ecosystem services being provided to the city from natural capital beyond
its administrative borders? Are agreements in place with neighbouring administrations to
support the protection and management of these assets? (UNISDR Scorecard P5.3)

Table A3. Functional dimension for the Water Service.

OBJECTIVE
Criterion
PI

PI Unit

WATER SERVICE PLANNING AND RISK MANAGEMENT

Strategic planning

FWts01 Water service strategic plan making and implementation (-)
Does the service have a strategic plan and is it implemented? (UNISDR Scorecard P1.1
(adapted))

FWts02 Plan alignment with the City Master Plan (-)
If yes, is the plan aligned with the city main planning document?

FWts03 Service plan monitoring and review (-)
If existing, is the plan periodically monitored and reviewed, ensuring it remains relevant and
operational?

FWts04 Exchange of information to the city (-)
Is there regular exchange of data and information between service and the city concerning the
review of planning documents?

FWts05 Land use zoning compliance (-)
Do the service-specific plans comply with up-to-date land use and zoning regulations?

Resilience engaged service

FWts06 Resilience in water service strategy and alignment with City Master Plan (-)
Does the service have a resilience plan (either as an autonomous action plan or as a strategy
included in the service’s strategic plan) and what is its timeframe?

FWts07 Service strategic plan for resilience and CC (-)
Does the resilience plan consider climate change (projection, scenarios, impacts, etc.)?

FWts08 Service financial plan and budget for resilience (-)
Do the service financial plans have dedicated allocations for resilience-building actions
including disaster risk reduction (DRR))?

FWts09 Water service business continuity (-)
Do business continuity plans exist?

FWts10 Co-ordination with other water services in the city (-)
Is there any coordination mechanism in place with other water services/entities either at
municipal or metropolitan level?

FWts11 Learning from other water services (-)
Is there any knowledge exchange with other services?
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PI Unit

Risk management

FWts12 Risk information related to the water service (-)
Do specific service plans include risk information (such as exposure and vulnerability, damage
and loss quantification, etc.) related to the service and are regularly updated?

FWts13 Damage and loss estimation (-)
Does risk assessment include estimations of damage and loss for agreed climate change
scenarios, based on current development and future urban and population growth?

FWts14 Expected water supply interruptions, not caused by water quality problems, in the city area
according to CC scenarios (% city area)

Percentage of the city area expected to be affected by water supply interruptions exceeding 6 h,
not caused by water quality problems, according to climate change scenarios.

FWts15 Expected water supply interruptions caused by water quality problems, in the city area
according to CC scenarios (% city area)

Percentage of the city area expected to be affected by interruptions exceeding 6 h, caused by
water quality problems, according to climate change scenarios.

FWts16 Expected water supply interruptions, not caused by water quality problems, for sensitive
customers according to CC scenarios

(% sensitive
customers)

% of sensitive customers expected to be affected by water supply interruptions exceeding 6 h,
not caused by water quality problems, according to climate change scenarios.

FWts17 Expected water supply interruptions caused by water quality problems, for sensitive
customers according to CC scenarios

(% sensitive
customers)

% of sensitive customers expected to be affected by interruptions exceeding 6 h, caused by
water quality problems, according to climate change scenarios.

FWts18 Expected water supply interruptions, not caused by water quality problems, for other services
according to CC scenarios

(%
customers
other
services)

% of customers of other services expected to be affected by water supply interruptions
exceeding 6 h, not caused by water quality problems, according to climate change scenarios.

FWts19 Expected water supply interruptions caused by water quality problems, for other services
according to CC scenarios

(%
customers
other
services)

% of customers of other services expected to be affected by interruptions exceeding 6 h, caused
by water quality problems, according to climate change scenarios.

FWts20 Expected water supply interruptions, not caused by water quality problems, for households
according to CC scenarios

(%
households)

% of households expected to be affected by water supply interruptions exceeding 6 h, not
caused by water quality problems, according to climate change scenarios.

FWts21 Expected water supply interruptions caused by water quality problems, for households
according to CC scenarios

(%
households)

% of households expected to be affected by interruptions exceeding 6 h, caused by water
quality problems, according to climate change scenarios.

FWts22 Expected total duration of water supply interruption, not caused by water quality problems,
according to CC scenarios (Days)

Total duration (days) of expected water supply interruption, not caused by water quality
problems, according to climate change scenarios.

FWts23 Expected total duration of water supply interruption, caused by water quality problems,
according to CC scenarios (Days)

Total duration (days) of expected water supply interruption, caused by water quality
problems, according to climate change scenarios.
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Criterion
PI

PI Unit

Reliable service

FWts24 Water supply interruptions, not caused by water quality problems, in the city area last year (% city area)
Percentage of the city area affected by water supply interruptions exceeding 6 h, not caused by
water quality problems, last year.

FWts25 Water supply interruptions caused by water quality problems, in the city area last year (% city area)
Percentage of the city area affected by water supply interruptions exceeding 6 h, caused by
water quality problems, last year.

FWts26 Water supply interruptions, not caused by water quality problems, for sensitive customers last
year

(% sensitive
customers)

% of sensitive customers affected by water supply interruptions exceeding 6 h, not caused by
water quality problems, last year.

FWts27 Water supply interruptions caused by water quality problems, for sensitive customers last year (% sensitive
customers)

% of sensitive customers affected by water supply interruptions exceeding 6 h, caused by
water quality problems, last year.

FWts28 Water supply interruptions, not caused by water quality problems, for other services last year (% customers
other services)

% of customers of other services affected by water supply interruptions exceeding 6 h, not
caused by water quality problems, last year.

FWts29 Water supply interruptions caused by water quality problems, for other services last year (% customers
other services)

% of customers of other services affected by water supply interruptions exceeding 6 h, caused
by water quality problems, last year.

FWts30 Water supply interruptions, not caused by water quality problems, for households last year (%
households)

% of households affected by water supply interruptions exceeding 6 h, not caused by water
quality problems, last year.

FWts31 Water supply interruptions caused by water quality problems, for households last year (%
households)

% of households affected by water supply interruptions exceeding 6 h, caused by water
quality problems, last year.

FWts32 Total duration of water supply interruption, not caused by water quality problems, last year (Days)
Total duration (days) of water supply interruption, not caused by water quality problems, last
year.

FWts33 Total duration of water supply interruption, caused by water quality problems, last year (Days)
Total duration (days) of water supply interruption, caused by water quality problems, last
year.

FWts34 Water losses last year (m3/(km.day))
Water losses last year (water loss volume in the supply system/(total pipe length × 365))

Flexible service

FWts35 Water uses (% drinking
water)

% of drinking water being used for irrigation, street cleaning, firefighting, or other public uses.
FWts36 Water sources (-)

Which types of water supply sources are being used in the city?
FWts37 Water sources location (-)

Where are the city’s water supply sources located?
FWts38 Service management (-)

Services are appropriately managed, i.e., technological tools are used, existing competences
are adequate, and a command chain is at place?
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OBJECTIVE
Criterion
PI

PI Unit

AUTONOMOUS WATER SERVICE

Service importance to the city

FWts39 Stakeholders perception (-)
Is there a mechanism to provide service score, based on stakeholders’ perception and is it
applied? If yes quantify the service score from stakeholder perception.

FWts40 Cascading impacts (-)
Is there an understanding of potentially cascading failures between different services, under
different scenarios? (UNISDR Scorecard P2.4 (adapted))

Service inter-dependency with other services considering climate change

FWts41 Critical services dependence on water service according to CC scenarios (-)
To what extent are critical services (CS -RESCCUE services) dependent on the water service,
based on climate change scenarios?

FWts42 Water services autonomy from other critical services according to CC scenarios (-)
To what extent is the water service dependent on other critical services (CS -RESCCUE
services), based on climate change scenarios?

WATER SERVICE PREPAREDNESS

Service preparedness for disaster response

FWts43 Water service event management plans (-)
Is there a disaster management/preparedness/emergency response plan outlining service
mitigation, preparedness and response to local emergencies? (UNISDR Scorecard P9.2
(adapted))

FWts44 Water services interdepartmental collaboration for emergency (-)
Is there an emergency operations’ centre, automating standard operating procedures
specifically designed to deal with “most probable” and “most severe” scenarios? (UNISDR
Scorecard P9.6 (adapted))

FWts45 Water services early warning (-)
Does the service have a plan or standard operating procedure to act on early warnings and
forecasts? Is the city warned by this system? (UNISDR Scorecard P9.1 (adapted))

FWts46 Water service drills (-)
Are practices and drills carried out internally and periodically?

Service preparedness for climate change

FWts47 Service commitment with mitigation of CC effects
(%
reduction
GHG)

Is the service committed with an established mitigation target regarding reduction of GHG
within its strategic planning?

FWts48 Existence of agreed CC scenarios and alignment with the city CC scenarios (-)
Are there agreed climate change scenarios, setting out service exposure and vulnerability,
from each hazard level? Are they aligned with the city-wide climate change scenarios?

FWts49 Knowledge of exposure and service vulnerability for CC scenarios (-)
The analysis of exposure and service vulnerability for climate change scenarios addresses: a)
People ( . . . )

FWts50 Service planning for adaptation to CC (-)
Is adaptation to climate change being considered in the service plans and enforced in new
projects?

FWts51 Implemented measures to address CC mitigation and adaptation (-)
What type of measures has the service implemented to address climate change mitigation and
adaptation?

FWts52 Planned measures to address CC mitigation and adaptation (-)
What type of measures is the service planning to implement to address climate change
mitigation and adaptation?

FWts53 Equipment capacity of the service (-)
Has the service adequate equipment capacity, in normal and emergency circumstances?

FWts54 Staffing capacity of the service (-)
Has the service adequate staffing capacity, in normal and emergency circumstances?
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Service preparedness for recovery and build back

FWts55 Water service CC recovery planning (-)
Is there a strategy or process in place for post-event service recovery and reconstruction?
(UNISDR Scorecard P10.1)

FWts56 Water service damage and loss post-event assessment (-)
Does the service have a system in place to provide Post-Disaster Needs Assessment?

FWts57 Current post-event assessment system (-)
If yes, has such system been defined, implemented, tested and historic data is registered?

FWts58 Water supply interruption, not caused by water quality problems, in the city area in the last
relevant climate-related event (% city area)

Percentage of the city area affected by water supply interruptions exceeding 6 h, not caused by
water quality, in the last climate-related event, with similar or harsher climate variables than the
most probable scenario.

FWts59 Water supply interruptions caused by water quality problems, in the city area, in the last relevant
climate-related event (% city area)

Percentage of the city area affected by water supply interruptions exceeding 6 h, caused by water
quality problems, in the last climate-related event, with similar or harsher climate variables than
the most probable scenario.

FWts60 Water supply interruptions, not caused by water quality problems, for sensitive customers in the
last relevant climate-related event

(% sensitive
customers)

% of sensitive customers affected by water supply interruptions exceeding 6 h, not caused by
water quality problems, in the last climate-related event, with similar or harsher climate variables
than the most probable scenario.

FWts61 Water supply interruptions caused by water quality problems, for sensitive customers in the last
relevant climate-related event

(% sensitive
customers)

% of sensitive customers affected by water supply interruptions exceeding 6 h, caused by water
quality problems, in the last climate-related event, with similar or harsher climate variables than
the most probable scenario.

FWts62 Water supply interruptions, not caused by water quality problems, for other services in the last
relevant climate-related event

(% customers
other services)

% of customers of other services affected by water supply interruptions exceeding 6 h, not caused
by water quality problems, in the last climate-related event, with similar or harsher climate
variables than the most probable scenario.

FWts63 Water supply interruptions caused by water quality problems, for other services in the last
relevant climate-related event

(% customers
other services)

% of customers of other services affected by water supply interruptions exceeding 6 h, caused by
water quality problems, in the last climate-related event, with similar or harsher climate variables
than the most probable scenario.

FWts64 Water supply interruptions, not caused by water quality problems, for households in the last
relevant climate-related event

(%
households)

% of households affected by water supply interruptions exceeding 6 h, not caused by water
quality problems, in the last climate-related event, with similar or harsher climate variables than
the most probable scenario.

FWts65 Water supply interruptions caused by water quality problems, for households in the last relevant
climate-related event

(%
households)

% of households affected by water supply interruptions exceeding 6 h, caused by water quality
problems, in the last climate-related event, with similar or harsher climate variables than the most
probable scenario.

FWts66 Total duration of water supply interruption, caused by water quality problems, in the last relevant
climate-related event (Days)

Days of water supply interruption, not caused by water quality problems, in the last
climate-related event, with similar or harsher climate variables than the most probable scenario.

FWts67 Total duration of water supply interruption, caused by water quality problems in the last relevant
climate-related event (Days)

Days of water supply interruption, caused by water quality problems, in the last climate-related
event, with similar or harsher climate variables than the most probable scenario.

FWts68 Water service lessons learnt and learning loops (-)
Are service-specific processes in place for lessons learnt, including failure analysis? If yes, are
service-specific plans informed by them?

FWts69 Insurance (-)
What level of insurance cover exists in the service?
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OBJECTIVE
Criterion
PI

PI Unit

WASTEWATER SERVICE PLANNING AND RISK MANAGEMENT

Strategic planning

FWwt01 Wastewater service strategic plan making and implementation (-)
Does the service have a strategic plan and is it implemented? (UNISDR Scorecard P1.1
(adapted))

FWwt02 Plan alignment with the City Master Plan (-)
If yes, is the plan aligned with the city main planning document?

FWwt03 Service plan monitoring and review (-)
If existing, is the plan periodically monitored and reviewed, ensuring it remains relevant and
operational?

FWwt04 Exchange of information to the city (-)
Is there regular exchange of data and information between service and the city concerning the
review of planning documents?

FWwt05 Land use zoning compliance (-)
Do the service-specific plans comply with up-to-date land use and zoning regulations?

Resilience engaged service

FWwt06 Resilience in wastewater service strategy and alignment with City Master Plan (-)
Does the service have a resilience plan (either as an autonomous action plan or as a strategy
included in the service’s strategic plan) and what is its timeframe?

FWwt07 Service strategic plan for resilience and CC (-)
Does the resilience plan consider climate change (projection, scenarios, impacts, etc.)?

FWwt08 Service financial plan and budget for resilience (-)
Do the service financial plans have dedicated allocations for resilience-building actions
(including disaster risk reduction (DRR))?

FWwt09 Wastewater service business continuity (-)
Do business continuity plans exist?

FWwt10 Co-ordination with other wastewater services in the city (-)
Is there any coordination mechanism in place with other wastewater services/entities either at
municipal or metropolitan level?

FWwt11 Learning from other wastewater services (-)
Is there any knowledge exchange with other services?

Risk management

FWwt12 Risk information related to the wastewater service (-)
Do specific service plans include risk information (such as exposure and vulnerability, damage
and loss quantification, etc.) related to the service and are regularly updated?

FWwt13 Damage and loss estimation (-)
Does risk assessment include estimations of damage and loss for agreed climate change
scenarios, based on current development and future urban and population growth?

FWwt14 Expected wastewater flooding in the city area according to CC scenarios (% city
area)

Percentage of the city area expected to be affected by flooding due to wastewater collection
interruption, according to climate change scenarios.

FWwt15 Expected wastewater treatment failures in the city area according to CC scenarios (% city
area)

Percentage of the city area expected to be affected by wastewater treatment failures, according
to climate change scenarios.
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PI Unit

Risk management

FWwt16 Expected wastewater flooding in sensitive customers according to CC scenarios (% sensitive
customers)

% of sensitive customers expected to be affected by flooding due to wastewater collection
interruption, according to climate change scenarios.

FWwt17 Expected wastewater discharges, due to failure in wastewater service to ecosystem services
according to CC scenarios (-)

Number of expected wastewater discharges into ecosystems services due to wastewater
service interruption, according to climate change scenarios.

FWwt18 Expected wastewater flooding in other services according to CC scenarios (% customers
other services)

% of customers of other services expected to be affected by flooding due to wastewater
collection interruption, according to climate change scenarios.

FWwt19 Expected wastewater flooding in households according to CC scenarios (% households)
% of households expected to be affected by flooding due to wastewater collection interruption,
according to climate change scenarios.

FWwt20 Expected total duration of wastewater flooding period according to CC scenarios (Days)
Total duration (days) of expected wastewater flooding due to wastewater collection
interruption, according to climate change scenarios.

FWwt21 Expected total duration of wastewater treatment failure period according to CC scenarios (Days)
Total duration (days) of expected wastewater treatment failures, according to climate change
scenarios.

Reliable service

FWwt22 Wastewater flooding in the city area last year (% city area)
Percentage of the city area affected by flooding due to wastewater collection interruption, last
year.

FWwt23 Wastewater treatment failures in the city area in the city area last year (% city area)
Percentage of the city area affected by wastewater treatment failures, last year.

FWwt24 Wastewater flooding in sensitive customers last year (% sensitive
customers)

% of sensitive customers affected by flooding due to wastewater collection interruption, last
year.

FWwt25 Wastewater discharges, due to failure in wastewater service, to ecosystem services last year (-)
Number of wastewater discharges into ecosystems services due to wastewater service
interruption, last year.

FWwt26 Wastewater flooding in other services last year (% customers
other services)

% of customers of other services affected by flooding due to wastewater collection
interruption, last year.

FWwt27 Wastewater effective treatment in the city area last year (%)
Percentage of wastewater that was collected and safely treated, last year.

FWwt28 Wastewater flooding in households last year (% households)
% of households affected by flooding due to wastewater collection interruption, last year.

FWwt29 Total duration of wastewater flooding period last year (Days)
Total duration (days) of wastewater flooding, last year.

FWwt30 Total duration of wastewater treatment failure period last year (Days)
Total duration (days) of wastewater treatment failure, last year.

FWwt31 Estimated undue inflows into wastewater system last year (m3/(km.day))
Undue inflows (e.g., stormwater, industrial, saline, water supply inflows) into the system last
year (undue wastewater inflow volume in the collection system/(total pipe length × 365)).
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PI Unit

Flexible service

FWwt32 Treated wastewater uses (% treated
wastewater)

Percentage of treated wastewater being recycled or reused (for e.g., irrigation, urban cleaning,
firefighting).

FWwt33 Wastewater disposal (-)
Which solutions for wastewater disposal are used in the city?

FWwt34 Wastewater disposal location (-)
Where are the city’s wastewater disposal points located?

FWwt35 Service management (-)
Services are appropriately managed, i.e., technological tools are used, existing competences
are adequate, and a command chain is in place?

AUTONOMOUS WASTEWATER SERVICE

Service importance to the city

FWwt36 Stakeholders perception (-)
Is there a mechanism to provide service score, based on stakeholders’ perception and is it
applied? If yes quantify the service score from stakeholder perception.

FWwt37 Cascading impacts (-)
Is there an understanding of potentially cascading failures between different services, under
different scenarios? (UNISDR Scorecard P2.4 (adapted))

Service inter-dependency with other services considering climate change

FWwt38 Critical services dependence on wastewater service according to CC scenarios (-)
To what extent are critical services (CS -RESCCUE services) dependent on the wastewater
service, based on climate change scenarios?

FWwt39 Wastewater services autonomy from other critical services according to CC scenarios (-)
To what extent is the wastewater service dependent on other critical services (CS -RESCCUE
services), based on climate change scenarios?

WASTEWATER SERVICE PREPAREDNESS

Service preparedness for disaster response

FWwt40 Wastewater service event management plans (-)
Is there a disaster management/preparedness/emergency response plan outlining service
mitigation, preparedness and response to local emergencies? (UNISDR Scorecard P9.2
(adapted))

FWwt41 Wastewater services interdepartmental collaboration for emergency (-)
Is there an emergency operations’ centre, automating standard operating procedures
specifically designed to deal with “most probable” and “most severe” scenarios? (UNISDR
Scorecard P9.6 (adapted))

FWwt42 Wastewater services early warning (-)
Does the service have a plan or standard operating procedure to act on early warnings and
forecasts? Is the city warned by this system? (UNISDR Scorecard P9.1 (adapted))

FWwt43 Wastewater service drills (-)
Are practices and drills carried out internally and periodically?

Service preparedness for climate change

FWwt44 Service commitment with mitigation of CC effects
(%
reduction
GHG)

Is the service committed with an established mitigation target regarding reduction of GHG
within its strategic planning?

FWwt45 Existence of agreed CC scenarios and alignment with the city CC scenarios (-)
Are there agreed climate change scenarios, setting out service exposure and vulnerability,
from each hazard level? Are they aligned with the city-wide climate change scenarios?

FWwt46 Knowledge of exposure and service vulnerability for CC scenarios (-)
The analysis of exposure and service vulnerability for climate change scenarios addresses: a)
People ( . . . )

FWwt47 Service planning for adaptation to CC (-)
Is adaptation to climate change being considered in the service plans and enforced in new
projects?
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OBJECTIVE
Criterion
PI

PI Unit

Service preparedness for climate change

FWwt48 Implemented measures to address CC mitigation and adaptation (-)
What type of measures has the service implemented to address climate change mitigation and
adaptation?

FWwt49 Planned measures to address CC mitigation and adaptation (-)
What type of measures is the service planning to implement to address climate change
mitigation and adaptation?

FWwt50 Equipment capacity of the service (-)
Has the service adequate equipment capacity, in normal and emergency circumstances?

FWwt51 Staffing capacity of the service (-)
Has the service adequate staffing capacity, in normal and emergency circumstances?

Service preparedness for recovery and build back

FWwt52 Wastewater service CC recovery planning (-)
Is there a strategy or process in place for post-event service recovery and reconstruction?
(UNISDR Scorecard P10.1)

FWwt53 Wastewater service damage and loss post-event assessment (-)
Does the service have a system in place to provide Post-Disaster Needs Assessment?

FWwt54 Current post-event assessment system (-)
If yes, has such system been defined, implemented, tested and historic data is registered?

FWwt55 Wastewater flooding in the city area in the last relevant climate-related event (% city
area)

Percentage of the city area affected by flooding due to wastewater collection interruption, in
the last climate-related event, with similar or harsher climate variables than the most probable
scenario.

FWwt56 Wastewater treatment failures in the city area in the last relevant climate-related event (% city
area)

Percentage of the city area affected by wastewater treatment failures, in the last climate-related
event, with similar or harsher climate variables than the most probable scenario.

FWwt57 Wastewater flooding in sensitive customers in the last relevant climate-related event
(%
sensitive
customers)

% of sensitive customers affected by flooding due to wastewater collection interruption, in the
last climate-related event, with similar or harsher climate variables than the most probable
scenario.

FWwt58 Wastewater discharges, due to failure in wastewater service, to ecosystem services in the last
relevant climate-related event (-)

Number of wastewater discharges into ecosystems services due to wastewater collection
interruption, in the last climate-related event, with similar or harsher climate variables than
the most probable scenario

FWwt59 Wastewater flooding for other services in the last relevant event

(%
customers
other
services)

% of customers of other services affected by flooding due to wastewater collection
interruption, in the last climate-related event, with similar or harsher climate variables than
the most probable scenario.

FWwt60 Wastewater effective treatment in the city area in the last relevant climate-related event (%)
Percentage of wastewater that was collected and safely treated, in the last climate-related
event, with similar or harsher climate variables than the most probable scenario.

FWwt61 Wastewater flooding in households in the last relevant climate-related event (%
households)

% of households affected by flooding due to wastewater collection interruption, in the last
climate-related event, with similar or harsher climate variables than the most probable
scenario.

FWwt62 Total duration of wastewater flooding period in the last relevant climate-related event (Days)
Days of wastewater flooding, in the last climate-related event, with similar or harsher climate
variables than the most probable scenario.
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Criterion
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PI Unit

Service preparedness for recovery and build back

FWwt63 Total duration of wastewater treatment failure period in the last relevant climate-related event (Days)
Days of wastewater treatment failure, in the last climate-related event, with similar or harsher
climate variables than the most probable scenario.

FWwt64 Wastewater service lessons learnt and learning loops (-)
Are service-specific processes in place for lessons learnt, including failure analysis? If yes, are
service-specific plans informed by them?

FWwt65 Insurance (-)
What level of insurance cover exists in the service?

Table A5. Functional resilience assessment framework of the Stormwater Service.

OBJECTIVE
Criterion
PI

PI Unit

STORMWATER SERVICE PLANNING AND RISK MANAGEMENT

Strategic planning

FSwt01 Stormwater service strategic plan making and implementation (-)
Does the service have a strategic plan and is it implemented? (UNISDR Scorecard P1.1
(adapted))

FSwt02 Plan alignment with the City Master Plan (-)
If yes, is the plan aligned with the city main planning document?

FSwt03 Service plan monitoring and review (-)
If existing, is the plan periodically monitored and reviewed, ensuring it remains relevant and
operational?

FSwt04 Exchange of information to the city (-)
Is there regular exchange of data and information between service and the city concerning the
review of planning documents?

FSwt05 Land use zoning compliance (-)
Do the service-specific plans comply with up-to-date land use and zoning regulations?

Resilience engaged service

FSwt06 Resilience in stormwater service strategy and alignment with City Master Plan (-)
Does the service have a resilience plan (either as an autonomous action plan or as a strategy
included in the service’s strategic plan) and what is its timeframe?

FSwt07 Service strategic plan for resilience and CC (-)
Does the resilience plan consider climate change (projection, scenarios, impacts, etc.)?

FSwt08 Service financial plan and budget for resilience (-)
Do the service financial plans have dedicated allocations for resilience-building actions
(including disaster risk reduction (DRR))?

FSwt09 Stormwater service business continuity (-)
Do business continuity plans exist?

FSwt10 Co-ordination with other stormwater services in the city (-)
Is there any coordination mechanism in place with other stormwater services/entities either at
municipal or metropolitan level?

FSwt11 Learning from other stormwater services (-)
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OBJECTIVE
Criterion
PI

PI Unit

Is there any knowledge exchange with other services?

Risk management

FSwt12 Risk information related to the stormwater service (-)
Do specific service plans include risk information (such as exposure and vulnerability, damage
and loss quantification, etc.) related to the service and are regularly updated?

FSwt13 Damage and loss estimation (-)
Does risk assessment include estimations of damage and loss for agreed climate change
scenarios, based on current development and future urban and population growth?

FSwt14 Expected stormwater flooding in the city area according to CC scenarios (% city area)
Percentage of the city area expected to be affected by flooding due to stormwater drainage
problems, according to climate change scenarios.

FSwt15 Expected stormwater flooding in sensitive customers according to CC scenarios (% sensitive
customers)

% of sensitive customers expected to be affected by flooding due to stormwater drainage
problems, according to climate change scenarios.

FSwt16 Expected stormwater flooding in other services according to CC scenarios (% customers
other services)

% of customers of other services expected to be affected by flooding due to stormwater
drainage problems, according to climate change scenarios.

FSwt17 Expected stormwater flooding in households according to CC scenarios (%
households)

% of households expected to be affected by flooding due to stormwater drainage problems,
according to climate change scenarios.

FSwt18 Expected total duration of stormwater flooding period according to CC scenarios (Days)
Total duration (days) of expected stormwater flooding due to stormwater drainage problems,
according to climate change scenarios.

Reliable service

FSwt19 Stormwater flooding in the city area last year (% city area)
Percentage of the city area affected by flooding due to stormwater drainage problems, last year.

FSwt20 Stormwater flooding in sensitive customers last year (% sensitive
customers)

% of sensitive customers affected by flooding due to stormwater drainage problems, last year.

FSwt21 Stormwater flooding in other services last year (% customers
other services)

% of customers of other services affected by flooding due to stormwater drainage problems,
last year.

FSwt22 Stormwater flooding in households last year (%
households)

% of households affected by flooding due to stormwater drainage problems, last year.
FSwt23 Total duration of stormwater flooding period last year (Days)

Total duration (days) of stormwater flooding, due to stormwater drainage problems, last year.
FSwt24 Estimated undue inflows into stormwater system last year (m3/(km.day))

Undue inflows (e.g., wastewater, industrial, saline, water supply inflows) into the system last
year (undue wastewater inflow volume in the collection system/(total pipe length × 365)).
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OBJECTIVE
Criterion
PI

PI Unit

Flexible service

FSwt25 Treated stormwater uses (% treated
stormwater)

% of collected stormwater being recycled or reused (for e.g., irrigation, urban cleaning,
firefighting).

FSwt26 Stormwater disposal (-)
Which solutions for stormwater disposal are used in the city?

FSwt27 Stormwater disposal location (-)
Where are the city’s stormwater disposal points located?

FSwt28 Service management (-)
Services are appropriately managed, i.e., technological tools are used, existing competences
are adequate, and a command chain is at place?

AUTONOMOUS STORMWATER SERVICE

Service importance to the city

FSwt29 Stakeholders perception (-)
Is there a mechanism to provide service score, based on stakeholders’ perception and is it
applied? If yes quantify the service score from stakeholder perception.

FSwt30 Cascading impacts (-)
Is there an understanding of potentially cascading failures between different services, under
different scenarios? (UNISDR Scorecard P2.4 (adapted))

Service inter-dependency with other services considering climate change

FSwt31 Critical services dependence on stormwater service according to CC scenarios (-)
To what extent are critical services (CS -RESCCUE services) dependent on the stormwater
service, based on climate change scenarios?

FSwt32 Stormwater services autonomy from other critical services according to CC scenarios (-)
To what extent is the stormwater service dependent on other critical services (CS -RESCCUE
services), based on climate change scenarios?

STORMWATER SERVICE PREPAREDNESS

Service preparedness for disaster response

FSwt33 Stormwater service event management plans (-)
Is there a disaster management/preparedness/emergency response plan outlining service
mitigation, preparedness and response to local emergencies? (UNISDR Scorecard P9.2
(adapted))

FSwt34 Stormwater services interdepartmental collaboration for emergency (-)
Is there an emergency operations’ centre, automating standard operating procedures
specifically designed to deal with “most probable” and “most severe” scenarios? (UNISDR
Scorecard P9.6 (adapted))

FSwt35 Stormwater services early warning (-)
Does the service have a plan or standard operating procedure to act on early warnings and
forecasts? Is the city warned by this system? (UNISDR Scorecard P9.1 (adapted))

FSwt36 Stormwater service drills (-)
Are practices and drills carried out internally and periodically?
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Criterion
PI

PI Unit

Service preparedness for climate change

FSwt37 Service commitment with mitigation of CC effects (% reduction
GHG)

Is the service committed with an established mitigation target regarding reduction of GHG
within its strategic planning?

FSwt38 Existence of agreed CC scenarios and alignment with the city CC scenarios (-)
Are there agreed climate change scenarios, setting out service exposure and vulnerability,
from each hazard level? Are they aligned with the city-wide climate change scenarios?

FSwt39 Knowledge of exposure and service vulnerability for CC scenarios (-)
The analysis of exposure and service vulnerability for climate change scenarios addresses: a)
People ( . . . )

FSwt40 Service planning for adaptation to CC (-)
Is adaptation to climate change being considered in the service plans and enforced in new
projects?

FSwt41 Implemented measures to address CC mitigation and adaptation (-)
What type of measures has the service implemented to address climate change mitigation and
adaptation?

FSwt42 Planned measures to address CC mitigation and adaptation (-)
What type of measures is the service planning to implement to address climate change
mitigation and adaptation?

FSwt43 Equipment capacity of the service (-)
Has the service adequate equipment capacity, in normal and emergency circumstances?

FSwt44 Staffing capacity of the service (-)
Has the service adequate staffing capacity, in normal and emergency circumstances?

Service preparedness for recovery and build back

FSwt45 Stormwater service CC recovery planning (-)
Is there a strategy or process in place for post-event service recovery and reconstruction?
(UNISDR Scorecard P10.1)

FSwt46 Stormwater service damage and loss post-event assessment (-)
Does the service have a system in place to provide Post-Disaster Needs Assessment?

FSwt47 Current post-event assessment system (-)
If yes, has such system been defined, implemented, tested and historic data is registered?

FSwt48 Stormwater flooding in the city area in the last relevant climate-related event (% city area)
Percentage of the city area affected by flooding due to stormwater drainage problems in the
last climate-related event, with similar or harsher climate variables than the most probable
scenario.

FSwt49 Stormwater flooding in sensitive customers in the last relevant climate-related event (% sensitive
customers)

% of sensitive customers affected by flooding due to stormwater drainage problems in the last
climate-related event, with similar or harsher climate variables than the most probable
scenario.

FSwt50 Stormwater flooding in other services in the last relevant climate-related event (% customers
other services)

% of customers of other services affected by flooding due to stormwater drainage problems in
the last climate-related event, with similar or harsher climate variables than the most probable
scenario.

FSwt51 Stormwater flooding in households in the last relevant climate-related event (% households)
% of households affected by flooding due to stormwater drainage problems in the last
climate-related event, with similar or harsher climate variables than the most probable
scenario.

FSwt52 Total duration of stormwater flooding in the last relevant climate-related event (Days)
Days of stormwater flooding due to stormwater drainage problems in the last climate-related
event, with similar or harsher climate variables than the most probable scenario.

FSwt53 Stormwater service lessons learnt and learning loops (-)
Are service-specific processes in place for lessons learnt, including failure analysis? If yes, are
service-specific plans informed by them?

FSwt54 Insurance (-)
What level of insurance cover exists in the service?
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OBJECTIVE
Criterion
PI

PI Unit

WASTE SERVICE PLANNING AND RISK MANAGEMENT

Strategic planning

FSlw01 Waste service strategic plan making and implementation (-)
Does the service have a strategic plan and is it implemented? (UNISDR Scorecard P1.1
(adapted))

FSlw02 Plan alignment with the City Master Plan (-)
If yes, is the plan aligned with the city main planning document?

FSlw03 Service plan monitoring and review (-)
If existing, is the plan periodically monitored and reviewed, ensuring it remains relevant and
operational?

FSlw04 Exchange of information to the city (-)
Is there regular exchange of data and information between service and the city concerning the
review of planning documents?

FSlw05 Land use zoning compliance (-)
Do the service-specific plans comply with up-to-date land use and zoning regulations?

Resilience engaged service

FSlw06 Resilience in waste service strategy and alignment with City Master Plan (-)
Does the service have a resilience plan (either as an autonomous action plan or as a strategy
included in the service’s strategic plan) and what is its timeframe?

FSlw07 Service strategic plan for resilience and CC (-)
Does the resilience plan consider climate change (projection, scenarios, impacts, etc.)?

FSlw08 Service financial plan and budget for resilience (-)
Do the service financial plans have dedicated allocations for resilience-building actions
(including disaster risk reduction (DRR))?

FSlw09 Waste service business continuity (-)
Do business continuity plans exist?

FSlw10 Co-ordination with other waste services in the city (-)
Is there any coordination mechanism in place with other solid waste services/entities either at
municipal or metropolitan level?

FSlw11 Learning from other waste services (-)
Is there any knowledge exchange with other services?

Risk management

FSlw12 Risk information related to the waste service (-)
Do specific service plans include risk information (such as exposure and vulnerability, damage
and loss quantification, etc.) related to the service and are regularly updated?

FSlw13 Damage and loss estimation (-)
Does risk assessment include estimations of damage and loss for agreed climate change
scenarios, based on current development and future urban and population growth?

FSlw14 Expected solid waste collection interruption in the city area according to CC scenarios. (% city
area)

Percentage of the city area expected to be affected by solid waste collection interruptions
exceeding 4 days, according to climate change scenarios.

FSlw15 Expected solid waste treatment failure in the city area according to CC scenarios (% city
area)

Percentage of the city area expected to be affected by solid waste treatment problems
exceeding 4 days, according to climate change scenarios.
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PI Unit

Risk management

FSlw16 Expected solid waste collection interruption of sensitive customers according to CC scenarios (% sensitive
customers)

% of sensitive customers expected to be affected by solid waste collection interruption
exceeding 4 days, according to climate change scenarios.

FSlw17 Expected solid waste collection interruption for other services according to CC scenarios (% customers
other services)

% of customers of other services expected to be affected by solid waste collection interruption
exceeding 4 days, according to climate change scenarios.

FSlw18 Expected solid waste collection interruption in households according to CC scenarios (% households)
% of households expected to be affected by solid waste collection interruption exceeding 4
days, according to climate change scenarios.

FSlw19 Expected total duration of solid waste collection interruption period according to CC scenarios (Days)
Total duration (days) of expected solid waste collection interruption, according to climate
change scenario.

FSlw20 Expected total duration of solid waste treatment failure period according to CC scenarios (Days)
Total duration (days) of expected solid waste treatment failure, according to climate change
scenarios.

Reliable service

FSlw21 Solid waste collection interruption in the city area last year (% city area)
Percentage of the city area affected by solid waste collection interruptions exceeding 4 days,
last year.

FSlw22 Solid waste effective treatment failure in the city area last year (% city area)
Percentage of the city area affected by solid waste treatment problems exceeding 4 days, last
year.

FSlw23 Solid waste collection interruption for sensitive customers last year (% sensitive
customers)

% of sensitive customers affected by solid waste collection interruption exceeding 4 days, last
year.

FSlw24 Solid waste collection interruption for other services, last year (% customers
other services)

% of customers of other services affected by solid waste collection interruption exceeding 4
days, last year.

FSlw25 Solid waste effective treatment in the city area last year
(% safely
treated solid
waste)

Percentage of solid waste that was collected and safely treated, last year.
FSlw26 Solid waste collection interruption in households, last year (% households)

% of households affected by solid waste collection interruption exceeding 4 days, last year.
FSlw27 Total duration of solid waste collection interruption period last year (Days)

Total duration (days) of solid waste collection interruption, last year.
FSlw28 Total duration of solid waste treatment failure period last year (Days)

Total duration (days) of solid waste treatment failure, last year.
FSlw29 Estimated undue wastes into solid waste system last year (-)

Types of undue wastes into the solid waste system.

Flexible service

FSlw30 Treated solid waste recovered
(% treated solid
waste being
recovered)

% of treated solid waste being recovered (from recycling and reuse, energy recovery,
composting . . . )

FSlw31 Solid waste disposal (-)
Which solutions for solid waste disposal are used in the city?

FSlw32 Solid waste disposal location (-)
Where are the city’s solid waste disposal points located?

FSlw33 Service management (-)
Services are appropriately managed, i.e., technological tools are used, existing competences
are adequate, and a command chain is at place?
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PI Unit

AUTONOMOUS WASTE SERVICE

Service importance to the city

FSlw34 Stakeholders perception (-)
Is there a mechanism to provide service score, based on stakeholders’ perception and is it
applied? If yes quantify the service score from stakeholder perception.

FSlw35 Cascading impacts (-)
Is there an understanding of potentially cascading failures between different services, under
different scenarios? (UNISDR Scorecard P2.4 (adapted))

Service inter-dependency with other services considering climate change

FSlw36 Critical services dependence on solid waste service according to CC scenarios (-)
To what extent are critical services (CS -RESCCUE services) dependent on the waste service,
based on climate change scenarios?

FSlw37 Solid waste services autonomy from other critical services according to CC scenarios (-)
To what extent is the waste service dependent on other critical services (CS -RESCCUE
services), based on climate change scenarios?

WASTE SERVICE PREPAREDNESS

Service preparedness for disaster response

FSlw38 Solid waste service event management plans (-)
Is there a disaster management/preparedness/emergency response plan outlining service
mitigation, preparedness and response to local emergencies? (UNISDR Scorecard 9.2
(adapted))

FSlw39 Solid waste services interdepartmental collaboration for emergency (-)
Is there an emergency operations’ centre, automating standard operating procedures
specifically designed to deal with “most probable” and “most severe” scenarios? (UNISDR
Scorecard P9.6 (adapted))

FSlw40 Solid waste services early warning (-)
Does the service have a plan or standard operating procedure to act on early warnings and
forecasts? Is the city warned by this system? (UNISDR Scorecard P9.1 (adapted))

FSlw41 Solid waste service drills (-)
Are practices and drills carried out internally and periodically?

Service preparedness for climate change

FSlw42 Service commitment with mitigation of CC effects (% reduction
GHG)

Is the service committed with an established mitigation target regarding reduction of GHG
within its strategic planning?

FSlw43 Existence of agreed CC scenarios and alignment with the city CC scenarios (-)
Are there agreed climate change scenarios, setting out service exposure and vulnerability,
from each hazard level? Are they aligned with the city-wide climate change scenarios?

FSlw44 Knowledge of exposure and service vulnerability for CC scenarios (-)
The analysis of exposure and service vulnerability for climate change scenarios addresses: a)
People ( . . . )

FSlw45 Service planning for adaptation to CC (-)
Is adaptation to climate change being considered in the service plans and enforced in new
projects?

FSlw46 Implemented measures to address CC mitigation and adaptation (-)
What type of measures has the service implemented to address climate change mitigation and
adaptation?

FSlw47 Planned measures to address CC mitigation and adaptation (-)
What type of measures is the service planning to implement to address climate change
mitigation and adaptation?

FSlw48 Equipment capacity of the service (-)
Has the service adequate equipment capacity, in normal and emergency circumstances?

FSlw49 Staffing capacity of the service (-)
Has the service adequate staffing capacity, in normal and emergency circumstances?

Service preparedness for recovery and build back

FSlw50 Solid waste service CC recovery planning (-)
Is there a strategy or process in place for post-event service recovery and reconstruction?
(UNISDR Scorecard 10.1)

FSlw51 Solid waste service damage and loss post-event assessment (-)
Does the service have a system in place to provide Post-Disaster Needs Assessment?
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Service preparedness for recovery and build back

FSlw52 Current post-event assessment system (-)
If yes, has such system been defined, implemented, tested and historic data is registered?

FSlw53 Solid waste collection interruption in the city area in the last relevant climate-related event (% city
area)

% of city area with solid waste collection interruption in the last climate-related event, with
similar or harsher climate variables than the most probable scenario.

FSlw54 Solid waste effective treatment failure in the city area in the last relevant climate-related event (% city
area)

Percentage of the city area affected by solid waste treatment problems, in the last
climate-related event, with similar or harsher climate variables than the most probable
scenario.

FSlw55 Solid waste collection interruption in sensitive customers in the last relevant climate-related
event

(%
sensitive
customers)

% of sensitive customers affected by solid waste collection interruption, in the last
climate-related event, with similar or harsher climate variables than the most probable
scenario.

FSlw56 Solid waste collection interruption for other services in the last relevant climate-related event

(%
customers
other
services)

% of customers of other services affected by solid waste collection interruption in the last
climate-related event, with similar or harsher climate variables than the most probable
scenario.

FSlw57 Solid waste effective treatment in the city area in the last relevant climate-related event

(% solid
waste
safely
treated)

Percentage of solid waste that was collected and safely treated in the last climate-related event,
with similar or harsher climate variables than the most probable scenario.

FSlw58 Solid waste collection interruption in households in the last relevant climate-related event (%
households)

% of households affected by solid waste collection interruption in the last climate-related
event, with similar or harsher climate variables than the most probable scenario.

FSlw59 Total duration of solid waste collection interruption in the last relevant climate-related event (Days)
Days of solid waste collection interruption, in the last climate-related event, with similar or
harsher climate variables than the most probable scenario.

FSlw60 Total duration of solid waste treatment failure in the last relevant climate-related event (Days)
Days of solid waste treatment failure, in the last climate-related event, with similar or harsher
climate variables than the most probable scenario.

FSlw61 Solid waste service lessons learnt and learning loops (-)
Are service-specific processes in place for lessons learnt, including failure analysis? If yes, are
service-specific plans informed by them?

FSlw62 Insurance (-)
What level of insurance cover exists in the service?
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OBJECTIVE
Criterion
PI

PI Unit

ENERGY SERVICE PLANNING AND RISK MANAGEMENT

Strategic planning

FEne01 Energy service strategic plan making and implementation (-)
Does the service have a strategic plan and is it implemented? (UNISDR Scorecard P1.1
(adapted))

FEne02 Plan alignment with the City Master Plan (-)
If yes, is the plan aligned with the city main planning document?

FEne03 Service plan monitoring and review (-)
If existing, is the plan periodically monitored and reviewed, ensuring it remains relevant and
operational?

FEne04 Exchange of information to the city (-)
Is there regular exchange of data and information between service and the city concerning the
review of planning documents?

FEne05 Land use zoning compliance (-)
Do the service-specific plans comply with up-to-date land use and zoning regulations?

Resilience engaged service

FEne06 Resilience in energy service strategy and alignment with City Master Plan (-)
Does the service have a resilience plan (either as an autonomous action plan or as a strategy
included in the service’s strategic plan) and what is its timeframe?

FEne07 Service strategic plan for resilience and CC (-)
Does the resilience plan consider climate change (projection, scenarios, impacts, etc.)?

FEne08 Service financial plan and budget for resilience (-)
Do the service financial plans have dedicated allocations for resilience-building actions
(including disaster risk reduction (DRR))?

FEne09 Energy service business continuity (-)
Do business continuity plans exist?

FEne10 Co-ordination with other energy services in the city (-)
Is there any coordination mechanism in place with other energy services/entities either at
municipal or metropolitan level?

FEne11 Learning from other energy services (-)
Is there any knowledge exchange with other services?

Risk management

FEne12 Risk information related to the energy service (-)
Do specific service plans include risk information (such as exposure and vulnerability, damage
and loss quantification, etc.) related to the service and are regularly updated?

FEne13 Damage and loss estimation (-)
Does risk assessment include estimations of damage and loss for agreed climate change
scenarios, based on current development and future urban and population growth?

FEne14 Expected energy outage in the city area according to CC scenarios (% city
area)

Percentage of the city area expected to be affected by energy outage exceeding 6 h, according
to climate change scenarios.

FEne15 Expected energy outage for sensitive customers according to CC scenarios
(%
sensitive
customers)

% of sensitive customers expected to be affected by energy outage exceeding 6 h, according to
climate change scenarios.
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PI Unit

Risk management

FEne16 Expected energy outage for other services according to CC scenarios

(%
customers
other
services)

% of customers of other services expected to be affected by energy outage exceeding 6 h,
according to climate change scenarios.

FEne17 Expected energy outage for households according to CC scenarios (%
households)

% of households expected to be affected by energy outage exceeding 6 h, according to climate
change scenarios.

FEne18 Expected total duration of energy outage period according to CC scenarios (Days)
Total duration (days) of expected energy outage, according to climate change scenarios.

Reliable service

FEne19 Energy outage in the city area last year (% city
area)

Percentage of the city area affected by energy outage exceeding 6 h last year.

FEne20 Energy outage for sensitive customers last year
(%
sensitive
customers)

% of sensitive customers affected by energy outage exceeding 6 h last year.

FEne21 Energy outage for other services last year

(%
customers
other
services)

% of customers of other services affected by energy outage exceeding 6 h last year.

FEne22 Energy outage in households last year (%
households)

% of households affected by energy outage exceeding 6 h last year.
FEne23 Total duration of energy outage period last year (Days)

Total duration of energy outage periods last year (days).
FEne24 Energy losses last year (-)

Energy losses last year (rate of electricity losses in distribution networks measured as the ratio
between losses and supplies of electricity).

Flexible service

FEne25 Alternative energy sources

(% energy
from
renewable
sources)

% of energy coming from renewable sources.
FEne26 Energy sources (-)

Which energy sources are used in the city?
FEne27 Energy sources location (-)

Where are the city’s energy source points located?
FEne28 Service management (-)

Services are appropriately managed, i.e., technological tools are used, existing competences
are adequate, and a command chain is at place?
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Table A7. Cont.

OBJECTIVE
Criterion
PI

PI Unit

AUTONOMOUS ENERGY SERVICE

Service importance to the city

FEne29 Stakeholders perception (-)
Is there a mechanism to provide service score, based on stakeholders’ perception and is it
applied? If yes, quantify the service score from stakeholder perception.

FEne30 Cascading impacts (-)
Is there an understanding of potentially cascading failures between different services, under
different scenarios? (UNISDR Scorecard P2.4 (adapted))

Service inter-dependency with other services considering climate change

FEne31 Critical services dependence on energy service according to CC scenarios (-)
To what extent are critical services (CS -RESCCUE services) dependent on the energy service,
based on climate change scenarios?

FEne32 Energy services autonomy from other critical services according to CC scenarios (-)
To what extent is the energy service dependent on other critical services (CS -RESCCUE
services), based on climate change scenarios?

ENERGY SERVICE PREPAREDNESS

Service preparedness for disaster response

FEne33 Energy service event management plans (-)
Is there a disaster management/preparedness/emergency response plan outlining service
mitigation, preparedness and response to local emergencies? (UNISDR Scorecard P9.2
(adapted))

FEne34 Energy services interdepartmental collaboration for emergency (-)
Is there an emergency operations’ centre, automating standard operating procedures
specifically designed to deal with “most probable” and “most severe” scenarios? (UNISDR
Scorecard P9.6 (adapted))

FEne35 Energy services early warning (-)
Does the service have a plan or standard operating procedure to act on early warnings and
forecasts? Is the city warned by this system? (UNISDR Scorecard P9.1 (adapted))

FEne36 Energy service drills (-)
Are practices and drills carried out internally and periodically?

Service preparedness for climate change

FEne37 Service commitment with mitigation of CC effects
(%
reduction
GHG)

Is the service committed with an established mitigation target regarding reduction of GHG
within its strategic planning?

FEne38 Existence of agreed CC scenarios and alignment with the city CC scenarios (-)
Are there agreed climate change scenarios, setting out service exposure and vulnerability,
from each hazard level? Are they aligned with the city-wide climate change scenarios?

FEne39 Knowledge of exposure and service vulnerability for CC scenarios (-)
The analysis of exposure and service vulnerability for climate change scenarios addresses: a)
People ( . . . )
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Table A7. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Service preparedness for climate change

FEne40 Service planning for adaptation to CC (-)
Is adaptation to climate change being considered in the service plans and enforced in new
projects?

FEne41 Implemented measures to address CC mitigation and adaptation (-)
What type of measures has the service implemented to address climate change mitigation and
adaptation?

FEne42 Planned measures to address CC mitigation and adaptation (-)
What type of measures is the service planning to implement to address climate change
mitigation and adaptation?

FEne43 Equipment capacity of the service (-)
Has the service adequate equipment capacity, in normal and emergency circumstances?

FEne44 Staffing capacity of the service (-)
Has the service adequate staffing capacity, in normal and emergency circumstances?

Service preparedness for recovery and build back

FEne45 Energy service CC recovery planning (-)
Is there a strategy or process in place for post-event service recovery and reconstruction?
(UNISDR Scorecard P10.1)

FEne46 Energy service damage and loss post-event assessment (-)
Does the service have a system in place to provide Post-Disaster Needs Assessment?

FEne47 Current post-event assessment system (-)
If yes, has such system been defined, implemented, tested and historic data is registered?

FEne48 Energy outage in the city area in the last relevant climate-related event (% city
area)

Percentage of city area affected by energy outage exceeding 6 h in the last climate-related
event, with similar or harsher climate variables than the most probable scenario.

FEne49 Energy outage in sensitive customers in the last relevant climate-related event
(%
sensitive
customers)

% of sensitive customers affected by energy outage exceeding 6 h in the last climate-related
event, with similar or harsher climate variables than the most probable scenario.

FEne50 Energy outage in other services in the last relevant climate-related event

(%
customers
other
services)

% of customers of other services affected by energy outage exceeding 6 h in the last
climate-related event, with similar or harsher climate variables than the most probable
scenario.

FEne51 Energy outage in households in the last relevant climate-related event (%
households)

% of households affected by energy outage exceeding 6 h in the last climate-related event, with
similar or harsher climate variables than the most probable scenario.

FEne52 Total duration of energy outage in the last relevant climate-related event (Days)
Days of energy outage in the last relevant climate-related event.

FEne53 Energy service lessons learnt and learning loops (-)
Are service-specific processes in place for lessons learnt, including failure analysis? If yes, are
service-specific plans informed by them?

FEne54 Insurance (-)
What level of insurance cover exists in the service?
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Table A8. Functional dimension for the Mobility Service.

OBJECTIVE
Criterion
PI

PI Unit

MOBILITY SERVICE PLANNING AND RISK MANAGEMENT

Strategic planning

FMob01 Mobility service strategic plan making and implementation (-)
Existence and implementation of a strategic plan for the mobility in the city. (UNISDR
Scorecard P1.1 (adapted))

FMob02 Characterization of mobility needs (-)
The plan includes the characterization of the following population mobility habits: a) Type of
mobility solutions used ( . . . )

FMob03 Mobility plan monitoring and review (-)
If existing, is the plan periodically monitored and reviewed, ensuring it remains relevant and
operational?

FMob04 Routes hierarchy characterization (-)
The city established a hierarchy of its routes.

FMob05 Land use zoning compliance (-)
Do mobility-specific plans comply with up-to-date land use and zoning regulations?

Resilience engaged mobility

FMob06 Resilience in Mobility service strategy (-)
Resilience’s aspects are included in the mobility plan?

FMob07 Mobility plan for Climate Change (-)
The plan considers climate change (hazards, projections, scenarios, impacts, etc.)?

FMob08 Budget for resilience (-)
The mobility plan has dedicated allocations for resilience-building actions (including disaster
risk reduction (DRR))?

FMob09 Co-ordination with other Mobility services in the city (-)
Is there any coordination mechanism in place between mobility services/entities either at
municipal or metropolitan level?

FMob10 Learning from other Mobility services (-)
Is there any knowledge exchange with other services?

Risk management

FMob11 Risk information related to the Mobility service (-)
Does the mobility plan include risk information (such as exposure and vulnerability,
identification of higher flow routes, damage and loss quantification, etc.) and is it regularly
updated?

FMob12 Damage and loss estimation (-)
Does risk assessment include estimations of damage and loss for agreed climate change
scenarios, based on current development and future urban and population growth?

FMob13 Expected mobility interruption in the city area according to CC scenarios (-)
No city area at risk of mobility interruptions exceeding 2 h, due to the most probable scenario,
for these services:

FMob14 Expected mobility interruption in the higher flow routes according to CC scenarios (-)
Expected mobility interruption exceeding 2 hours in the higher flow routes according to
climate change scenarios.

FMob15 Expected mobility interruption for population according to CC scenarios (-)
No population living in the area expected to be affected by mobility interruption exceeding 2
h, due to the most probable scenario, for these services: a) Road based ( . . . )

FMob16 Expected mobility interruption for long-distance passengers according to CC scenarios (-)
No long-distance passengers expected to be affected by mobility interruption exceeding 2 h,
due to the most probable scenario, for these services: a) Road based ( . . . )

FMob17 Expected mobility interruption period according to CC scenarios (-)
Less than 2 h of expected mobility interruption, due to the most probable scenario, for these
services: a) Road based ( . . . )
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Table A8. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Reliable mobility

FMob18 Public transport spatial coverage (% city
area)

Public transport is available and covers: a) More than or equal to 80% of the city area ( . . . )
FMob19 Public transport daily coverage (Hours/day)

Public transport is available.
FMob20 Mobility interruption in the higher flow routes last year (-)

Mobility interruption exceeding 2 hours in the higher flow routes last year.
FMob21 Mobility interruption in the city area last year (-)

Less than 2.5% of the city area with mobility interruptions exceeding 2 h, last year, for these
services: a) Road based ( . . . )

FMob22 Mobility interruption for population last year (-)
Less than 2.5% of the population living in the area affected by mobility interruption exceeding
2 h, last year, for these services: a) Road based ( . . . )

FMob23 Mobility interruption for long-distance passengers last year (-)
Less than 2.5% of the long-distance passengers affected by mobility interruption exceeding 2 h,
last year, for these services: a) Road based ( . . . )

FMob24 Total duration of mobility interruption period last year (-)
Less than 0.5 days of mobility interruption, last year, for these services: a) Road based ( . . . )

FMob25 Routes with restrictions to circulation of heavy vehicles (-)
The city has identified the routes with restriction to the circulation of heavy vehicles.

FMob26 Routes with restrictions to circulation of medical or emergency vehicles (-)
The city has identified the routes with restriction to the circulation of medical or emergency
vehicles.

Flexible mobility

FMob27 Alternative mobility

(%
everyday
cycling
mobility)

% of everyday cycling mobility.
FMob28 City mobility solutions (-)

Which solutions for mobility are available in the city?
FMob29 Modal split for city road-based solutions (% share)

% share of each road-based solution.
FMob30 Long distance mobility solutions (-)

Which solutions for long distance mobility are available in the city?
FMob31 Mobility passenger transference (-)

Where are the city’s mobility central node points located?
FMob32 Use of mobility management tools (-)

Mobility in the city recurs to the following management tools: a) Traffic lighting is managed in
an integrated and automatic way ( . . . )

AUTONOMOUS MOBILITY

Service importance to the city

FMob33 Stakeholders perception of city mobility (-)
Is there a mechanism to provide service score, based on stakeholders’ perception and is it
applied? If yes, quantify the service score from stakeholder perception.

FMob34 Cascading impacts (-)
Is there an understanding of potentially cascading failures between different mobility services,
under different scenarios? (UNISDR Scorecard P2.4 (adapted))

Service inter-dependency with other services considering climate change

FMob35 Critical services dependence on mobility according to CC scenarios (-)
To what extent are critical services (CS -RESCCUE services) dependent on the mobility, based
on climate change scenarios?

FMob36 Mobility autonomy from other critical services according to CC scenarios (-)
To what extent is the mobility dependent on other critical services (CS -RESCCUE services),
based on climate change scenarios?
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Table A8. Cont.

OBJECTIVE
Criterion
PI

PI Unit

MOBILITY PREPAREDNESS

Mobility preparedness for climate change

FMob37 Mobility commitment with mitigation of CC effects (% reduction
GHG)

Is city mobility committed with an established mitigation target regarding reduction of GHG
within its strategic planning?

FMob38 Mobility interruption in the city area in the last relevant climate-related event (% city area)
Percentage of city area affected by mobility interruption exceeding 2 h, in the last
climate-related event, with similar or harsher climate variables than the most probable
scenario.

FMob39 Mobility interruption in the higher flow routes in the last relevant climate-related event (-)
Mobility interruption exceeded 2 h in higher flow routes in the last climate-related event, with
similar or harsher climate variables than the most probable scenario.

FMob40 Mobility interruption for population in the last relevant climate-related event (-)
Less than 2.5% of population living in the area affected by mobility interruption exceeding 2 h,
in the last climate-related event, with similar or harsher climate variables than the most
probable scenario, for these services: a) Road based ( . . . )

FMob41 Mobility interruption for long-distance passengers in the last relevant climate-related event (-)
Less than 2.5% of long-distance passengers affected by mobility interruption exceeding 2 h, in
the last climate-related event, with similar or harsher climate variables than the most probable
scenario, for these services: a) Road based ( . . . )

FMob42 Mobility interruption period in the last relevant climate-related event (-)
Less than 2 h that mobility services suffered from interruption, in the last climate-related
event, with similar or harsher climate variables than the most probable scenario, for these
services: a) Road based ( . . . )

Table A9. Physical dimension for the water infrastructure.

OBJECTIVE
Criterion
PI

PI Unit

SAFE WATER INFRASTRUCTURE

Infrastructure assets criticality and protection

PWts01 Water infrastructure critical assets (-)
Are the critical infrastructure assets for service provision identified?

PWts02 Component importance (-)
The identification of infrastructure critical assets is based in the following:

PWts03 Water infrastructure critical assets mapping, review and update (-)
Are the infrastructure critical assets identified on hazard maps and included in data on risk?

PWts04 Exchange of information (-)
Is there a regular exchange of information regarding infrastructure critical assets, hazard maps and
data on risk with the city?

PWts05 Protective buffers mapping and information to the city (-)
Have protective buffers to safeguard infrastructure assets been defined, are they clearly identified
on hazard maps and data on risk and is the city informed?

Infrastructure assets robustness

PWts06 Codes and standards for infrastructure (-)
Do codes or standards for infrastructure design and construction exist and are these implemented?

PWts07 Maintenance of infrastructure (-)
Is infrastructure maintained on a regular basis (according to a preventive maintenance plan),
resources for corrective maintenance are assured and all maintenance information is continuously
registered?

PWts08 Water pump failures last year (Days)
Average number of days that system pumps were out of order last year.

PWts09 Water mains bursts last year (No./100 km)
Relative number of water mains bursts last year (No./system length (km) × 100 km).

PWts10 Water service connections bursts last year (No./1000
connections)

Number of water connections bursts last year (No./connections in the system × 1000 connections).
PWts11 Hydrant failures last year (No./1000 hydrants)

Average number of hydrant failures last year (No./hydrants in the system × 1000 hydrants).
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Table A9. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Infrastructure assets robustness

PWts12 Power failures last year (Days)
Average number of days pumping stations were out of service due to power supply interruptions
last year.

PWts13 Water quality last year (%)
Percentage of performed laboratory analysis that were in accordance to legal or regulatory
requirements last year.

PWts14 Level of failure of critical infrastructure asset last year (%)
Percentage of critical infrastructure asset out of order last year.

PWts15 Coverage of expenditure in infrastructure last year (-)
Ratio between expenditure with rehabilitation, operation and management of infrastructure and
annual operating budget of last year.

PWts16 Time for restoration last year (Days)
Maximum out-of-service period for all failures in infrastructure, including recovery time, last year
(days).

PWts17 Real water losses (m3/(km.day))
Volume of real physical water losses, through any leaks, damaged pipes or overflows (m3/(km.day)).

PWts18 Energy efficiency in pumping stations (kWh/m3.100m)
Average normalized energy consumption in PS - pumping stations = (Total energy consumption for
pumping/sum (Water volume in PS i ×Manometric pressure head i/100).

PWts19 Pollution prevention (% appropriate
sludge disposal)

Percentage of sludge from water treatment with appropriate final disposal.

AUTONOMOUS AND FLEXIBLE WATER INFRASTRUCTURE

Infrastructure assets importance to and dependency on other services

PWts20 Cascading impacts (-)
There is knowledge concerning potentially cascading failures between the components of the
infrastructure and the following infrastructure, under the agreed scenarios:

PWts21 Infrastructure of other services dependency on water infrastructure (-)
The infrastructure of the following services is dependent on water infrastructure: a) Infrastructure
of the wastewater service ( . . . )

PWts22 Dependency on infrastructures of other services (-)
The infrastructure of the water service directly depends on the infrastructure of the following
services: a) Infrastructure of the wastewater service ( . . . )

PWts23 Level of dependency (% customers
affected)

Percentage of customers affected by infrastructure dependent on other services.

Infrastructure assets autonomy

PWts24 Autonomy from infrastructures of other services (% infrastructure)
Percentage of infrastructure directly dependent on other services that have an autonomy solution
managed by the water service.

PWts25 Level of autonomy (% customers
covered)

Percentage of customers covered by infrastructure dependent on other services that benefit from
autonomy solutions (i.e., customers that benefit/customers affected).

PWts26 Autonomy activation (-)
How is infrastructure autonomy activated? Specify the time required to activate it, if possible.

PWts27 Autonomy period (Days)
Weighted average of autonomy period (Ti) of each dependent infrastructure (i) (i.e., Sum (Ti × level
of autonomy i)).

PWts28 Water storage autonomy (Days)
Days of water supply autonomy provided by supply and distribution storage tanks = water inflow
(m3/year)/(water storage volume (m3) × 365 )

PWts29 Energy self-production (%)
Percentage of energy consumption coming from self-production.

Infrastructure assets redundancy

PWts30 Redundancy (-)
Is there an understanding of infrastructure redundancy, clearly identified on hazard maps and data
on risk?

PWts31 Redundancy activation (-)
How is infrastructure redundancy activated? Specify the time required to activate it, if possible.

PWts32 Level of redundancy (% customers
covered)

Percentage of customers covered by redundant infrastructure, i.e., with alternative infrastructure
able to provide the service.
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Table A9. Cont.

OBJECTIVE
Criterion
PI

PI Unit

WATER INFRASTRUCTURE PREPAREDNESS

Contribution to city resilience

PWts33 Use of design solutions to improve city resilience (-)
The design of the infrastructure incorporates the use of the following solutions to improve city
resilience: a) Soakaways and porous pavement ( . . . )

PWts34 Greenhouse gas emission target (-)
Contribution to greenhouse gas emission reduction.

PWts35 Other contributions to city resilience (-)
The water infrastructure and related services provide other contributions to city resilience in
emergency situation, such as: a) Shelter ( . . . )

Infrastructure assets exposure to climate change

PWts36 Level of exposure of critical infrastructure assets to the most probable scenario (-)
Identify the critical infrastructure asset for which less than 10% is exposed to different hazards for
climate change scenarios.

PWts37 Coverage of expenditure in infrastructure for most probable scenario (%)
Ratio between predicted expenditure on infrastructure affected by climate change scenarios and
annual operating budget of last year.

PWts38 Time for restoration for most probable scenario (Days)
Maximum out-of-service period predicted for all failures in infrastructure, including recovery time,
due to different hazards for climate change scenarios.

Preparedness for climate change

PWts39 Implemented infrastructural measures to address CC mitigation and adaptation (-)
What type of measures were implemented in infrastructure design to address climate change
mitigation and adaptation?

PWts40 Planned infrastructural measures to address CC mitigation and adaptation (-)
What type of measures are being planned in infrastructure design to address climate change
mitigation and adaptation?

Preparedness for recovery and build back

PWts41 Water pump failures in the last relevant event (Days)
Number of days system pumps were out of order due to the last climate-related event, with similar
or harsher climate variables than the most probable scenario.

PWts42 Water service mains failures in the last relevant event (No./100
km)

Number of mains failures due to the last climate-related event, with similar or harsher climate
variables than the most probable scenario (No./system length (km) × 100 km).

PWts43 Water service connection mains bursts in the last relevant event (No./1000
connections)

Number of water service connections mains bursts due to the last climate-related event, with similar
or harsher climate variables than the most probable scenario (No./connections in the system × 1000
connections).

PWts44 Hydrant bursts in the last relevant event (No./1000
hydrants)

Number of hydrant bursts due to the last climate-related event, with similar or harsher climate
variables than the most probable scenario (No./hydrants in the system × 1000 hydrants).

PWts45 Power failures in the last relevant event (Days)
Number of days pumping stations were out of service by power supply interruptions due to the last
climate-related event, with similar or harsher climate variables than the most probable scenario.

PWts46 Water quality compliance in the last relevant event (%)
Percentage of laboratory analysis that were in accordance to legal or regulatory requirements due to
the last climate-related event, with similar or harsher climate variables than the most probable
scenario.

PWts47 Level of failure of critical assets in the last relevant event (%)
Percentage of critical infrastructure asset out of order due to the last climate-related event, with
similar or harsher climate variables than the most probable scenario.

PWts48 Coverage of expenditure in infrastructure in the last relevant event (%)
Ratio between expenditure on infrastructure affected by the last climate-related event, with similar
or harsher climate variables than the most probable scenario and annual operating budget of last
year.

PWts49 Time for restoration in the last relevant event (Days)
Maximum out-of-service period for all failures in infrastructure, including recovery time, due to the
last climate-related event, with similar or harsher climate variables than the most probable scenario.
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Table A10. Physical dimension for the wastewater infrastructure.

OBJECTIVE
Criterion
PI

PI Unit

SAFE WASTEWATER INFRASTRUCTURE

Infrastructure assets criticality and protection

PWwt01 Wastewater infrastructure critical assets (-)
Are the critical infrastructure assets for service provision identified?

PWwt02 Component importance (-)
The identification of infrastructure critical assets is based in the following: a) Population
served ( . . . )

PWwt03 Wastewater infrastructure critical assets mapping, review and update (-)
Are the infrastructure critical assets identified on hazard maps and included in data on risk?

PWwt04 Exchange of information (-)
Is there a regular exchange of information regarding infrastructure critical assets, hazard maps
and data on risk with the city?

PWwt05 Protective buffers mapping and information to the city (-)
Have protective buffers to safeguard infrastructure assets been defined, are they clearly
identified on hazard maps and data on risk and is the city informed?

Infrastructure assets robustness

PWwt06 Codes and standards for infrastructure (-)
Do codes or standards for infrastructure design and construction exist and are these
implemented?

PWwt07 Maintenance of infrastructure (-)
Is infrastructure maintained on a regular basis (according to a preventive maintenance plan),
resources for corrective maintenance are assured and all maintenance information is
continuously registered?

PWwt08 Wastewater pump failures last year (Days)
Average number of days that system pumps were out of order last year.

PWwt09 Wastewater sewer pipe collapses last year (No./100 km)
Relative number of collapses in wastewater sewers last year (No./system length (km) × 100
km).

PWwt10 Wastewater connection collapses last year (No./1000
connections)

Number of collapses in wastewater connections last year (No./connections in the system ×
1000 connections).

PWwt11 Power failures last year (Days)
Average number of days pumping stations were out of service due to power supply
interruptions last year.

PWwt12 Combined sewer overflow failures last year
(CSO
discharges/total
CSO devices)

Average number of combined sewer overflows last year.
PWwt13 Wastewater quality last year (%)

Percentage of performed laboratory analysis that were in accordance to legal or regulatory
requirements last year.

PWwt14 Level of failure of critical infrastructure assets last year (%)
Percentage of critical infrastructure asset out of order last year.

PWwt15 Coverage of expenditure in infrastructure last year (-)
Ratio between expenditure with rehabilitation, operation and management of infrastructure
and annual operating budget of last year.

288



Sustainability 2020, 12, 2349

Table A10. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Infrastructure assets robustness

PWwt16 Time for restoration last year (Days)
Maximum out-of-service period for all failures in infrastructure, including recovery time, last
year.

PWwt17 Real undue inflows into the wastewater infrastructure (m3/(km.day))
Volume of real physical undue inflows into the wastewater infrastructure, through joints,
damaged pipes or wrong connections (m3/(km.day)).

PWwt18 Energy efficiency in pumping stations (kWh/m3.100m)
Average normalised energy consumption in PS – pumping stations = (Total energy
consumption for pumping/sum (wastewater volume in PS i ×Manometric pressure head
i/100).

PWwt19 Pollution prevention

(%
appropriate
sludge
disposal)

Percentage of sludge from wastewater treatment with appropriate final disposal.

AUTONOMOUS AND FLEXIBLE WASTEWATER INFRASTRUCTURE

Infrastructure assets importance to and dependency on other services

PWwt20 Cascading impacts (-)
There is knowledge concerning potentially cascading failures between the components of the
infrastructure and the following infrastructure, under the agreed scenarios: a) Other
infrastructure of the wastewater service ( . . . )

PWwt21 Infrastructure of other services’ dependency on wastewater infrastructure (-)
The infrastructure of the following services is dependent on wastewater infrastructure: a)
Infrastructure of the water service ( . . . )

PWwt22 Dependency on infrastructures of other services (-)
The infrastructure of the wastewater service directly depends on the infrastructure of the
following services: a) Infrastructure of the water service ( . . . )

PWwt23 Level of dependency (% customers
affected)

Percentage of customers affected by infrastructure dependent on other services.

Infrastructure assets autonomy

PWwt24 Autonomy from infrastructures of other services (%
infrastructure)

Percentage of infrastructure directly dependent on other services that have an autonomy
solution managed by the wastewater service.

PWwt25 Level of autonomy (% customers
covered)

Percentage of customers covered by infrastructure dependent on other services that benefit
from autonomy solutions (i.e., customers that benefit/customers affected).

PWwt26 Autonomy activation (-)
How is infrastructure autonomy activated? Specify the time required to activate it, if possible.

PWwt27 Autonomy period (Days)
Weighted average of autonomy period (Ti) of each dependent infrastructure (i) (i.e., Sum (Ti ×
level of autonomy i)).

PWwt28 Energy self-production (%)
Percentage of energy consumption coming from self-production.

289



Sustainability 2020, 12, 2349

Table A10. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Infrastructure assets redundancy

PWwt29 Redundancy (-)
Is there an understanding of infrastructure redundancy, clearly identified on hazard maps and
data on risk?

PWwt30 Redundancy activation (-)
How is infrastructure redundancy activated? Specify the time required to activate it, if
possible.

PWwt31 Level of redundancy
(%
customers
covered)

Percentage of customers covered by redundant infrastructure, i.e., with alternative
infrastructure able to provide the service.

WASTEWATER INFRASTRUCTURE PREPAREDNESS

Contribution to city resilience

PWwt32 Use of design solutions to improve city resilience (-)
The design of the infrastructure incorporates the use of the following solutions to improve city
resilience: a) Soakaways and porous pavement ( . . . )

PWwt33 Greenhouse gas emission target (-)
Contribution to greenhouse gas emission reduction.

PWwt34 Other contributions to city resilience (-)
The wastewater infrastructure and related services provide other contributions to city
resilience in emergency situation, such as: a) Shelter ( . . . )

Infrastructure assets exposure to climate change

PWwt35 Level of exposure of critical infrastructure assets to the most probable scenario (-)
Identify the critical infrastructure asset for which less than 10% is exposed to different hazards
for climate change scenarios.

PWwt36 Coverage of expenditure in infrastructure for most probable scenario (%)
Ratio between predicted expenditure with infrastructure affected by climate change scenarios
and annual operating budget of last year.

PWwt37 Time for restoration for most probable scenario (Days)
Maximum out-of-service period predicted for all failures in infrastructure, including recovery
time, due to different hazards for climate change scenarios.

Preparedness for climate change

PWwt38 Implemented infrastructural measures to address CC mitigation and adaptation (-)
What type of measures were implemented in infrastructure design to address climate change
mitigation and adaptation?

PWwt39 Planned infrastructural measures to address CC mitigation and adaptation (-)
What type of measures are being planned in infrastructure design to address climate change
mitigation and adaptation?

Preparedness for recovery and build back

PWwt40 Wastewater pump failures in the last relevant event (Days)
Number of days system pumps were out of order due to the last climate-related event, with
similar or harsher climate variables than the most probable scenario.

PWwt41 Wastewater sewer pipe failures in the last relevant event (No./100km)
Number of failures in wastewater sewers due to the last climate-related event, with similar or
harsher climate variables than the most probable scenario (No./system length (km) × 100 km).

PWwt42 Wastewater connection failures in the last relevant event (No./100km)
Number of failures in wastewater connections due to the last climate-related event, with
similar or harsher climate variables than the most probable scenario (No./connections in the
system × 1000 connections).

PWwt43 Combined sewer overflow failures in the last relevant event

(CSO
discharges/total
CSO
devices)

Number of combined sewer overflow failures due to the last climate-related event, with
similar or harsher climate variables than the most probable scenario.
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OBJECTIVE
Criterion
PI

PI Unit

Preparedness for recovery and build back

PWwt44 Power failures in the last relevant event (Days)
Number of days pumping stations were out of service by power supply interruptions due to
the last climate-related event, with similar or harsher climate variables than the most probable
scenario.

PWwt45 Wastewater quality compliance in the last relevant event (%)
Percentage of laboratory analysis that were in accordance to legal or regulatory requirements
due to the last climate-related event, with similar or harsher climate variables than the most
probable scenario.

PWwt46 Level of failure of critical assets in the last relevant event (%)
Percentage of critical infrastructure asset out of order due to the last climate-related event,
with similar or harsher climate variables than the most probable scenario.

PWwt47 Coverage of expenditure in infrastructure in the last relevant event (%)
Ratio between expenditure on infrastructure affected by the last climate-related event, with
similar or harsher climate variables than the most probable scenario and annual operating
budget of last year.

PWwt48 Time for restoration in the last relevant event (Days)
Maximum out-of-service period for all failures in infrastructure, including recovery time, due
to the last climate-related event, with similar or harsher climate variables than the most
probable scenario.

Table A11. Physical dimension for the stormwater infrastructure.

OBJECTIVE
Criterion
PI

PI Unit

SAFE STORMWATER INFRASTRUCTURE

Infrastructure assets criticality and protection

PSwt01 Stormwater infrastructure critical assets (-)
Are the critical infrastructure assets for service provision identified?

PSwt02 Component importance (-)
The identification of infrastructure critical assets is based in the following: a) Population
served ( . . . )

PSwt03 Stormwater infrastructure critical assets mapping, review and update (-)
Are the infrastructure critical assets identified on hazard maps and included in data on risk?

PSwt04 Exchange of information (-)
Is there a regular exchange of information regarding infrastructure critical assets, hazard maps
and data on risk with the city?

PSwt05 Protective buffers mapping and information to the city (-)
Have protective buffers to safeguard infrastructure assets been defined, are they clearly
identified on hazard maps and data on risk and is the city informed?

Infrastructure assets robustness

PSwt06 Codes and standards for infrastructure (-)
Do codes or standards for infrastructure design and construction exist and are these
implemented?

PSwt07 Maintenance of infrastructure (-)
Is infrastructure maintained on a regular basis (according to a preventive maintenance plan),
resources for corrective maintenance are assured and all maintenance information is
continuously registered?

PSwt08 Stormwater pump failures last year (Days)
Average number of days that system pumps were out of order last year.

PSwt09 Stormwater sewer pipe collapses last year (No./100
km)

Relative number of pipe collapses last year (No./system length (km) × 100 km).

PSwt10 Stormwater connection collapses last year (No./1000
connections)

Number of collapses in stormwater connections last year (No./connections in the system ×
1000 connections).
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Table A11. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Infrastructure assets robustness

PSwt11 Inlet failures last year (No./1000
inlets)

Average number of inlet failures last year (No./inlets in the system × 1000 inlets).
PSwt12 Power failures last year (Days)

Average number of days pumping stations were out of service due to power supply
interruptions last year.

PSwt13 Stormwater quality last year (%)
Percentage of performed laboratory analysis that were in accordance to legal or regulatory
requirements last year.

PSwt14 Level of failure of critical infrastructure assets last year (%)
Percentage of critical infrastructure asset out of order last year.

PSwt15 Coverage of expenditure in infrastructure last year (-)
Ratio between expenditure with rehabilitation, operation and management of infrastructure
and annual operating budget of last year.

PSwt16 Time for restoration last year (Days)
Maximum out-of-service period for all failures in infrastructure, including recovery time, last
year.

Infrastructure assets robustness

PSwt17 Real undue inflows into the stormwater infrastructure (m3/(km.day))
Volume of real physical undue inflows into the stormwater infrastructure (e.g., soil,
wastewater, industrial, saline, water supply inflows), through joints, damaged pipes or wrong
connections (m3/(km.day)).

PSwt18 Energy efficiency in pumping stations (-)
Average normalized energy consumption in PS - pumping stations = (Total energy
consumption for pumping/sum (stormwater volume in PS i ×Manometric pressure head
i/100).

PSwt19 Pollution prevention

(%
appropriate
sludge
disposal)

Percentage of sludge from stormwater treatment with appropriate final disposal.

AUTONOMOUS AND FLEXIBLE STORMWATER INFRASTRUCTURE

Infrastructure assets importance to and dependency on other services

PSwt20 Cascading impacts (-)
There is knowledge concerning potentially cascading failures between the components of the
infrastructure and the following infrastructure, under the agreed scenarios: a) Other
infrastructure of the stormwater service ( . . . )

PSwt21 Infrastructure of other services’ dependency on stormwater infrastructure (-)
The infrastructure of the following services is dependent on stormwater infrastructure: a)
Infrastructure of the water service ( . . . )

PSwt22 Dependency on infrastructures of other services (-)
The infrastructure of the stormwater service directly depends on the infrastructure of the
following services: a) Infrastructure of the water service ( . . . )

PSwt23 Level of dependency
(%
customers
affected)

Percentage of customers affected by infrastructure dependent on other services.

Infrastructure assets autonomy

PSwt24 Autonomy from infrastructures of other services (%
infrastructure)

Percentage of infrastructure directly dependent on other services that have an autonomy
solution managed by the stormwater service.

PSwt25 Level of autonomy
(%
customers
covered)

Percentage of customers covered by infrastructure dependent on other services that benefit
from autonomy solutions (i.e., customers that benefit/customers affected).
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Table A11. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Infrastructure assets autonomy

PSwt26 Autonomy activation (-)
How is infrastructure autonomy activated? Specify the time required to activate it, if possible.

PSwt27 Autonomy period (Days)
Weighted average of autonomy period (Ti) of each dependent infrastructure (i) (i.e., Sum (Ti ×
level of autonomy i)).

PSwt28 Capacity for zero floods (Years)
Based on the historical data, estimative of the maximum return period without city-wide flood
ensured by the existing stormwater infrastructure.

PSwt29 Energy self-production (%)
Percentage of energy consumption coming from self-production.

Infrastructure assets redundancy

PSwt30 Redundancy (-)
Is there an understanding of infrastructure redundancy, clearly identified on hazard maps and
data on risk?

PSwt31 Redundancy activation (-)
How is infrastructure redundancy activated? Specify the time required to activate it, if
possible.

STORMWATER INFRASTRUCTURE PREPAREDNESS

Contribution to city resilience

PSwt32 Use of design solutions to improve city resilience (-)
The design of the infrastructure incorporates the use of the following solutions to improve city
resilience: a) Soakaways and porous pavement ( . . . )

PSwt33 Greenhouse gas emission target (-)
Contribution to greenhouse gas emission reduction.

PSwt34 Other contributions to city resilience (-)
The stormwater infrastructure and related services provide other contributions to city
resilience in emergency situation, such as: a) Shelter ( . . . )

Infrastructure assets exposure to climate change

PSwt35 Level of exposure of critical infrastructure assets to the most probable scenario (-)
Identify the critical infrastructure asset for which less than 10% is exposed to different hazards
for climate change scenarios.

PSwt36 Coverage of expenditure in infrastructure for most probable scenario (%)
Ratio between predicted expenditure with infrastructure affected by climate change scenarios
and annual operating budget of last year.

PSwt37 Time for restoration for most probable scenario (Days)
Maximum out-of-service period predicted for all failures in infrastructure, including recovery
time, due to different hazards for climate change scenarios.

Preparedness for climate change

PSwt38 Implemented infrastructural measures to address CC mitigation and adaptation (-)
What type of measures were implemented in infrastructure design to address climate change
mitigation and adaptation?

PSwt39 Planned infrastructural measures to address CC mitigation and adaptation (-)
What type of measures are being planned in infrastructure design to address climate change
mitigation and adaptation?

Preparedness for recovery and build back

PSwt40 Stormwater pump failures in the last relevant event (Days)
Number of days system pumps were out of order due to the last climate-related event, with
similar or harsher climate variables than the most probable scenario.

PSwt41 Stormwater sewer pipe failures in the last relevant event (No./100
km )

Number of failures in stormwater sewers due to the last climate-related event, with similar or
harsher climate variables than the most probable scenario (No./system length (km) × 100 km).

PSwt42 Stormwater connection failures in the last relevant event
(No./1000
connections
)

Number of failures in stormwater connections due to the last climate-related event, with
similar or harsher climate variables than the most probable scenario (No./connections in the
system × 1000 connections).
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Table A11. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Preparedness for recovery and build back

PSwt43 Inlets failures in the last relevant event (No./1000
inlets )

Number of inlets failures due to the last climate-related event, with similar or harsher climate
variables than the most probable scenario (No./inlets in the system × 1000 inlets).

PSwt44 Power failures in the last relevant event (Days)
Number of days pumping stations were out of service by power supply interruptions due to
the last climate-related event, with similar or harsher climate variables than the most probable
scenario.

PSwt45 Stormwater quality compliance in the last relevant event (%)
Percentage of laboratory analysis that were in accordance to legal or regulatory requirements
due to the last climate-related event, with similar or harsher climate variables than the most
probable scenario.

PSwt46 Level of failure of critical assets in the last relevant event (%)
Percentage of critical infrastructure asset out of order due to the last climate-related event,
with similar or harsher climate variables than the most probable scenario.

PSwt47 Coverage of expenditure in infrastructure in the last relevant event (%)
Ratio between expenditure on infrastructure affected by the last climate-related event, with
similar or harsher climate variables than the most probable scenario and annual operating
budget of last year.

PSwt48 Time for restoration in the last relevant event (Days)
Maximum out-of-service period for all failures in infrastructure, including recovery time, due
to the last climate-related event, with similar or harsher climate variables than the most
probable scenario.

Table A12. Physical dimension for the waste infrastructure.

OBJECTIVE
Criterion
PI

PI Unit

SAFE WASTE INFRASTRUCTURE

Infrastructure assets criticality and protection

PSlw01 Solid waste infrastructure critical assets (-)
Are the critical infrastructure assets for service provision identified?

PSlw02 Component importance (-)
The identification of infrastructure critical assets is based in the following: a) Population
served ( . . . )

PSlw03 Solid waste infrastructure critical assets mapping, review and update (-)
Are the infrastructure critical assets identified on hazard maps and included in data on risk?

PSlw04 Exchange of information (-)
Is there a regular exchange of information regarding infrastructure critical assets, hazard maps
and data on risk with the city?

PSlw05 Protective buffers mapping and information to the city (-)
Have protective buffers to safeguard infrastructure assets been defined, are they clearly
identified on hazard maps and data on risk and is the city informed?
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Table A12. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Infrastructure assets robustness

PSlw06 Codes and standards for infrastructure (-)
Do codes or standards for infrastructure design and construction exist and are these
implemented?

PSlw07 Maintenance of infrastructure (-)
Is infrastructure maintained on a regular basis (according to a preventive maintenance plan),
resources for corrective maintenance are assured and all maintenance information is
continuously registered?

PSlw08 Waste collection infrastructure components failures last year (Days)
Average number of days with collection infrastructure components out of service last year.

PSlw09 Waste management service facilities unavailable last year (% facilities)
Relative number of waste management facilities unavailable for longer than 4 days, last year
(facilities unavailable /total number of facilities).

PSlw10 Waste management fleet failures last year (-)
Average number of days that at least 10% of the waste management fleet was out of service
last year.

PSlw11 Waste containers dumped or displaced last year (% containers)
Relative number of waste containers dumped or displaced last year (number affected/total
number of containers).

PSlw12 Power failures interrupting service last year (Days)
Average number of days waste management were out of service due to power supply
interruptions last year.

PSlw13 Laboratory analysis compliance (%)
Percentage of laboratory analysis performed in disposal site that were in accordance to legal or
regulatory requirements last year.

PSlw14 Level of failure of critical infrastructure assets last year (%)
Percentage of critical infrastructure asset out of order last year.

PSlw15 Coverage of expenditure in infrastructure last year (-)
Ratio between expenditure with rehabilitation, operation and management of infrastructure
and annual operating budget of last year.

PSlw16 Time for restoration last year (Days)
Maximum out-of-service period for all failures in infrastructure, including recovery time, last
year.

PSlw17 Pollution prevention

(%
appropriate
leachate
disposal)

Percentage of leachate from solid waste treatment with appropriate final disposal.

AUTONOMOUS AND FLEXIBLE WASTE INFRASTRUCTURE

Infrastructure assets importance to and dependency on other services

PSlw18 Cascading impacts (-)
There is knowledge concerning potentially cascading failures between the components of the
infrastructure and the following infrastructure, under the agreed scenarios: a) Other
infrastructure of the solid waste service ( . . . )

PSlw19 Infrastructure of other services’ dependency on solid waste infrastructure (-)
The infrastructure of the following services is dependent on waste infrastructure: a)
Infrastructure of the water service ( . . . )

PSlw20 Dependency on infrastructures of other services (-)
The infrastructure of the waste service directly depends on the infrastructure of the following
services: a) Infrastructure of the water service ( . . . )

PSlw21 Level of dependency (% customers
affected)

Percentage of customers affected by infrastructure dependent on other services.
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Table A12. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Infrastructure assets autonomy

PSlw22 Autonomy from infrastructures of other services (%
infrastructure)

Percentage of infrastructure directly dependent on other services that have an autonomy
solution managed by the solid waste service.

PSlw23 Level of autonomy (% customers
covered)

Percentage of customers covered by infrastructure dependent on other services that benefit
from autonomy solutions (i.e., customers that benefit/customers affected).

PSlw24 Autonomy activation (-)
How is infrastructure autonomy activated? Specify the time required to activate it, if possible.

PSlw25 Autonomy period (Days)
Weighted average of autonomy period (Ti) of each dependent infrastructure (i) (i.e., Sum (Ti ×
level of autonomy i)).

PSlw26 Waste storage autonomy (Days)
Days of waste storage autonomy provided by containers and transfer locations.

PSlw27 Energy self-production (%)
Percentage of energy consumption coming from self-production.

Infrastructure assets redundancy

PSlw28 Redundancy (-)
Is there an understanding of infrastructure redundancy, clearly identified on hazard maps and
data on risk?

PSlw29 Redundancy activation (-)
How is infrastructure redundancy activated? Specify the time required to activate it, if
possible.

PSlw30 Level of redundancy (% customers
covered)

Percentage of customers covered by redundant infrastructure, i.e., with alternative
infrastructure able to provide the service.

WASTE INFRASTRUCTURE PREPAREDNESS

Contribution to city resilience

PSlw31 Use of design solutions to improve city resilience (-)
The design of the infrastructure incorporates the use of the following solutions to improve city
resilience: a) Soakaways and porous pavement ( . . . )

PSlw32 Recovered material from waste treatment (% recovered
material)

% of recovered material from treatment per year (including composting, recycling and direct
recovery).

PSlw33 Greenhouse gas emission target (-)
Contribution to greenhouse gas emission reduction.

PSlw34 Other contributions to city resilience (-)
The solid waste infrastructure and related services provide other contributions to city
resilience in emergency situation, such as: a) Shelter ( . . . )

Infrastructure assets exposure to climate change

PSlw35 Level of exposure of critical infrastructure assets to the most probable scenario (-)
Identify the critical infrastructure asset for which less than 10% is exposed to different hazards
for climate change scenarios.

PSlw36 Coverage of expenditure in infrastructure for most probable scenario (%)
Ratio between predicted expenditure with infrastructure affected by climate change scenarios
and annual operating budget of last year.

PSlw37 Time for restoration for most probable scenario (Days)
Maximum out-of-service period predicted for all failures in infrastructure, including recovery
time, due to different hazards for climate change scenarios.
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Table A12. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Preparedness for climate change

PSlw38 Implemented infrastructural measures to address CC mitigation and adaptation (-)
What type of measures were implemented in infrastructure design to address climate change
mitigation and adaptation?

PSlw39 Planned infrastructural measures to address CC mitigation and adaptation (-)
What type of measures are being planned in infrastructure design to address climate change
mitigation and adaptation?

Preparedness for recovery and build back

PSlw40 Waste collection infrastructure components failures last relevant event (Days)
Number of days waste collection infrastructure components were out of service due to the last
climate-related event, with similar or harsher climate variables than the most probable
scenario.

PSlw41 Waste management service facilities unavailable in the last relevant event
(%
facilities)

Number of waste management service facilities unavailable in the last climate-related event,
with similar or harsher climate variables than the most probable scenario.

PSlw42 Waste management fleet failures in the last relevant event (-)
Number of waste management fleet failures due to the last climate-related event, with similar
or harsher climate variables than the most probable scenario.

PSlw43 Waste containers dumped or displaced in the last relevant event
(%
containers)

Number of waste containers dumped or displaced due to the last climate-related event, with
similar or harsher climate variables than the most probable scenario.

PSlw44 Power failures in the last relevant event (Days)
Number of days waste management facilities were out of service by power supply
interruptions due to the last climate-related event, with similar or harsher climate variables
than the most probable scenario.

PSlw45 Laboratory analysis compliance in the last relevant event (%)
Percentage of laboratory analysis performed in disposal site that were in accordance to legal or
regulatory requirements in the last relevant event.

PSlw46 Level of failure of critical assets in the last relevant event (%)
Percentage of critical infrastructure asset out of order due to the last climate-related event,
with similar or harsher climate variables than the most probable scenario.

PSlw47 Coverage of expenditure in infrastructure in the last relevant event (%)
Ratio between expenditure on infrastructure affected by the last climate-related event, with
similar or harsher climate variables than the most probable scenario and annual operating
budget of last year.

PSlw48 Time for restoration in the last relevant event (Days)
Maximum out-of-service period for all failures in infrastructure, including recovery time, due
to the last climate-related event, with similar or harsher climate variables than the most
probable scenario.
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Table A13. Physical dimension for the energy infrastructure.

OBJECTIVE
Criterion
PI

PI Unit

SAFE ENERGY INFRASTRUCTURE

Infrastructure assets criticality and protection

PEne01 Energy infrastructure critical assets (-)
Are the critical infrastructure assets for service provision identified?

PEne02 Component importance (-)
The identification of infrastructure critical assets is based in the following:

PEne03 Energy infrastructure critical assets mapping, review and update (-)
Are the infrastructure critical assets identified on hazard maps and included in data on risk?

PEne04 Exchange of information (-)
Is there a regular exchange of information regarding infrastructure critical assets, hazard maps
and data on risk with the city?

PEne05 Protective buffers mapping and information to the city (-)
Have protective buffers to safeguard infrastructure assets been defined, are they clearly
identified on hazard maps and data on risk and is the city informed?

Infrastructure assets robustness

PEne06 Codes and standards for infrastructure (-)
Do codes or standards for infrastructure design and construction exist and are these
implemented?

PEne07 Maintenance of infrastructure (-)
Is infrastructure maintained on a regular basis (according to a preventive maintenance plan),
resources for corrective maintenance are assured and all maintenance information is
continuously registered?

PEne08 Power station failure last year (Days)
Average number of days that power stations were out of service due to infrastructure
problems last year.

PEne09 Power substation failure last year (Days)
Average number of days that power substations were out of service due to infrastructure
problems last year.

PEne10 Power distribution network failures last year (-)
Number of failures in the distribution network last year.

PEne11 Local power installations failures last year (-)
Number of sectional and transformation power stations and public lighting installations
failures last year.

PEne12 Level of failure of critical infrastructure assets last year (%)
Percentage of critical infrastructure assets out of order by failure last year.

PEne13 Coverage of expenditure in infrastructure last year (-)
Ratio between expenditure with rehabilitation, operation and management of infrastructure
and annual operating budget of last year.

PEne14 Time for restoration last year (Days)
Maximum out-of-service period for all failures in infrastructure, including recovery time, last
year.

PEne15 Use of cooling waters (l/kWh)
Water use per year for cooling power stations.

AUTONOMOUS AND FLEXIBLE ENERGY INFRASTRUCTURE

Infrastructure assets importance to and dependency on other services

PEne16 Cascading impacts (-)
There is knowledge concerning potentially cascading failures between the components of the
infrastructure and the following infrastructure, under the agreed scenarios: a) Other
infrastructure of the energy service ( . . . )

PEne17 Infrastructure of other services’ dependency on energy infrastructure (-)
The infrastructure of the following services is dependent on energy infrastructure: a)
Infrastructure of the wastewater service ( . . . )

PEne18 Dependency on infrastructures of other services (-)
The infrastructure of the energy service directly depends on the infrastructure of the following
services: a) Infrastructure of the wastewater service ( . . . )

PEne19 Level of dependency (% customers
affected)

Percentage of customers affected by infrastructure dependent on other services.

298



Sustainability 2020, 12, 2349

Table A13. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Infrastructure assets autonomy

PEne20 Autonomy from infrastructures of other services (%
infrastructure)

Percentage of infrastructure directly dependent on other services that have an autonomy
solution managed by the energy service.

PEne21 Level of autonomy (% customers
covered)

Percentage of customers covered by infrastructure dependent on other services that benefit
from autonomy solutions (i.e., customers that benefit/customers affected).

PEne22 Autonomy activation (-)
How is infrastructure autonomy activated? Specify the time required to activate it, if possible.

PEne23 Autonomy period (Days)
Weighted average of autonomy period (Ti) of each dependent infrastructure (i) (i.e., Sum (Ti ×
level of autonomy i)).

Infrastructure assets redundancy

PEne24 Redundancy (-)
Is there an understanding of infrastructure redundancy, clearly identified on hazard maps and
data on risk?

PEne25 Redundancy activation (-)
How is infrastructure redundancy activated? Specify the time required to activate it, if
possible.

PEne26 Level of redundancy (% customers
covered)

Percentage of customers covered by redundant infrastructure, i.e., with alternative
infrastructure able to provide the service.

ENERGY INFRASTRUCTURE PREPAREDNESS

Contribution to city resilience

PEne27 Use of design solutions to improve city resilience (-)
The design of the infrastructure incorporates the use of the following solutions to improve city
resilience: a) Soakaways and porous pavement ( . . . )

PEne28 Greenhouse gas emission target (-)
Contribution to greenhouse gas emission reduction.

PEne29 Other contributions to city resilience (-)
The energy infrastructure and related services provide other contributions to city resilience in
emergency situation, such as: a) Shelter ( . . . )

Infrastructure assets exposure to climate change

PEne30 Level of exposure of critical infrastructure assets to the most probable scenario (-)
Identify the critical infrastructure asset for which less than 10% is exposed to different hazards
for climate change scenarios.

PEne31 Coverage of expenditure in infrastructure for most probable scenario (%)
Ratio between predicted expenditure with infrastructure affected by climate change scenarios
and annual operating budget of last year.

PEne32 Time for restoration for most probable scenario (Days)
Maximum out-of-service period predicted for all failures in infrastructure, including recovery
time, due to different hazards for climate change scenarios.
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Table A13. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Preparedness for climate change

PEne33 Implemented infrastructural measures to address CC mitigation and adaptation (-)
What type of measures were implemented in infrastructure design to address climate change
mitigation and adaptation?

PEne34 Planned infrastructural measures to address CC mitigation and adaptation (-)
What type of measures are being planned in infrastructure design to address climate change
mitigation and adaptation?

Preparedness for recovery and build back

PEne35 Power stations failure in the last relevant event (Days)
Average number of days that power stations were out of service due to infrastructure
problems due to the last climate-related event, with similar or harsher climate variables than
the most probable scenario.

PEne36 Power substation failure in the last relevant event (Days)
Average number of days that power substations were out of service due to infrastructure
problems due to the last climate-related event, with similar or harsher climate variables than
the most probable scenario.

PEne37 Power distribution network failures in the last relevant event (-)
Number of failures in the distribution network due to the last climate-related event, with
similar or harsher climate variables than the most probable scenario.

PEne38 Local power installation failures in the last relevant event (-)
Number of sectional and transformation power stations and public lighting installation
failures due to the last climate-related event, with similar or harsher climate variables than the
most probable scenario.

PEne39 Level of failure of critical assets in the last relevant event (%)
Percentage of critical infrastructure asset out of order by failure due to the last climate-related
event, with similar or harsher climate variables than the most probable scenario.

PEne40 Coverage of expenditure in infrastructure in the last relevant event (-)
Ratio between expenditure on infrastructure affected by the last climate-related event, with
similar or harsher climate variables than the most probable scenario and annual operating
budget of last year.

PEne41 Time for restoration in the last relevant event (Days)
Maximum out-of-service period for all failures in infrastructure, including recovery time, due
to the last climate-related event, with similar or harsher climate variables than the most
probable scenario.

Table A14. Physical dimension for the mobility infrastructure.

OBJECTIVE
Criterion
PI

PI Unit

SAFE MOBILITY INFRASTRUCTURE

Infrastructure assets criticality and protection

PMob01 Mobility infrastructure critical assets (-)
Are the critical infrastructure assets for mobility identified?

PMob02 Component importance for city mobility (-)
The identification of infrastructure critical assets for city mobility is based in the following: a)
Population served ( . . . )

PMob03 Mobility infrastructure critical assets mapping, review and update (-)
Are the infrastructure critical assets identified on hazard maps and included in data on risk?

PMob04 Protective buffers mapping and information to the city (-)
Have protective buffers to safeguard infrastructure assets been defined and are they clearly
identified on hazard maps and data on risk?
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Table A14. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Infrastructure assets robustness

PMob05 Codes and standards for infrastructure (-)
Do codes or standards for infrastructure design and construction exist and are these
implemented?

PMob06 Maintenance of infrastructure (-)
Is infrastructure maintained on a regular basis (according to a preventive maintenance plan),
resources for corrective maintenance are assured and all maintenance information is
continuously registered?

PMob07 Road and rail routes failures last year (-)
Critical routes were out of order for less than 2 h on average last year, for these infrastructures:
a) Road based ( . . . )

PMob08 Transport interfaces failures last year (Hours)
Average number of hours that critical transport interfaces were out of order due to
infrastructural failures last year.

PMob09 Power-related failures in road and rail routes last year (-)
Critical routes were out of order for less than 2 h on average, due to power-related failures,
last year.

PMob10 Power-related failures in transport interfaces last year (Hours)
Average number of hours that critical transport interfaces were out of order due to
power-related failures, last year.

PMob11 Flooding-related failures in road and rail routes last year (-)
Critical routes were out of order for less than 2 h on average, due to flooding, last year.

PMob12 Flooding-related failures in transport interfaces last year (Hours)
Average number of hours that critical transport interfaces were out of order due to
flooding-related failures on average, last year.

PMob13 Coverage of expenditure in infrastructure last year (-)
Ratio of expenditure with rehabilitation, operation and management of infrastructure (routes
and interfaces) and annual operating budget of last year between 0.9 and 1.0 or between 1.1
and 1.2, for these infrastructures: a) Road based ( . . . )

PMob14 Time for restoration last year (-)
Mobility critical infrastructure (routes and interfaces) with a maximum out-of-service period
for all failures in infrastructure, including recovery time, less than or equal to 7 h last year, for
these infrastructures: a) Road based ( . . . )

PMob15 Clean fuel public transport (-)
Existence of alternative clean fuel public transport in the city.

AUTONOMOUS AND FLEXIBLE MOBILITY INFRASTRUCTURE

Infrastructure assets importance to and dependency on other services

PMob16 Cascading impacts (-)
There is knowledge concerning potentially cascading failures between the components of the
mobility infrastructure (road, train, air and water-based transport that applies) and the
following infrastructure, under the agreed scenarios: a) Full knowledge between the
components of the mobility infrastructure ( . . . )

PMob17 Infrastructure of other services’ dependency on mobility infrastructure (-)
The infrastructure of the following services is dependent on mobility infrastructure: a)
Infrastructure of the water service ( . . . )

PMob18 Dependency on infrastructures of other services (-)
The infrastructure of the mobility service directly depends on the infrastructure of the
following services: a) Infrastructure of the water service.
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Table A14. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Infrastructure assets autonomy and redundancy

PMob19 Energy self-production (%)
Percentage of energy consumption coming from self-production.

PMob20 Redundancy (-)
Is there an understanding of infrastructure redundancy, clearly identified on hazard maps and
data on risk?

MOBILITY INFRASTRUCTURE PREPAREDNESS

Contribution to city resilience

PMob21 Use of design solutions to improve city resilience (-)
The design of the infrastructure incorporates the use of solutions to improve city resilience: a)
Renewable energy generation ( . . . )

PMob22 Greenhouse gas emission target (-)
There is a prediction of GHG emissions reduction, aiming at the targets defined at the strategic
planning level, from the following components of assets: a) Infrastructure operation ( . . . )

PMob23 Other contributions to city resilience (-)
The mobility infrastructure and related services provide other contributions to city resilience
in emergency situation, such as: a) Shelter ( . . . )

Infrastructure assets exposure to climate change

PMob24 Level of exposure of mobility infrastructure to the most probable scenario (-)
Identify the critical assets for which less than 10% is exposed to different hazards for climate
change scenarios.

PMob25 Coverage of expenditure in infrastructure for most probable scenario (-)
Ratio between predicted expenditure with infrastructure (routes and interfaces) affected by
climate change scenarios and annual operating budget of last year between 0.9 and 1.0 or 1.1
and 1.2, for these infrastructures: a) Road based ( . . . )

PMob26 Time for restoration for most probable scenario (-)
Transport networks with maximum out-of-service period for all failures in infrastructure
(routes and interfaces), including recovery time, for less than 7 h, due to different hazards for
climate change scenarios, for these infrastructures: a) Road based ( . . . )

Preparedness for climate change

PMob27 Implemented infrastructural measures to address CC mitigation and adaptation (-)
What type of measures were implemented in infrastructure design to address climate change
mitigation and adaptation?

PMob28 Planned infrastructural measures to address CC mitigation and adaptation (-)
What type of measures are being planned in infrastructure design to address climate change
mitigation and adaptation?

Preparedness for recovery and build back

PMob29 Road and rail routes failures in the last relevant event (-)
Critical routes were out of order for less than 2 h on average due to the last climate-related
event, with similar or harsher climate variables than the most probable scenario, for these
infrastructures: a) Road based ( . . . )

PMob30 Transport interfaces failures in the last relevant event (Hours)
Average number of hours that critical transport interfaces were out of order due to
infrastructural failures due to the last climate-related event, with similar or harsher climate
variables than the most probable scenario.

PMob31 Power-related failures in road and rail routes in the last relevant event (-)
Critical routes were out of order for less than 2 h on average, by power-related failures, due to
the last climate-related event, with similar or harsher climate variables than the most probable
scenario.

PMob32 Power-related failures in transport interfaces in the last relevant event (-)
Critical routes were out of order for less than 2 h due to flooding on average, due to the last
climate-related event, with similar or harsher climate variables than the most probable
scenario.

PMob33 Flooding-related failures in road and rail routes in the last relevant event (Hours)
Average number of hours that critical transport interfaces were out of order due to
flooding-related failures on average, due to the last climate-related event, with similar or
harsher climate variables than the most probable scenario.
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Table A14. Cont.

OBJECTIVE
Criterion
PI

PI Unit

Preparedness for recovery and build back

PMob34 Flooding-related failures in transport interfaces in the last relevant event (Hours)
Average number of hours that critical transport interfaces were out of order due to
power-related failures, due to the last climate-related event, with similar or harsher climate
variables than the most probable scenario.

PMob35 Coverage of expenditure in infrastructure in the last relevant event (-)
Ratio of expenditure on rehabilitation, operation and management of infrastructure (routes
and interfaces) affected by the last climate-related event, with similar or harsher climate
variables than the most probable scenario, and annual operating budget of last year, is
between 0.9 and 1.0 or 1.1 and 1.2, for these infrastructures: a) Road based ( . . . )

PMob36 Time for restoration in the last relevant event (-)
Mobility critical infrastructure (routes and interfaces) with a maximum out-of-service period
for all failures in infrastructure, including recovery time, less than or equal to 7 h due to the
last climate-related event, with similar or harsher climate variables than the most probable
scenario, for these infrastructures: a) Road based ( . . . )
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