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HIGHLIGHTS GRAPHICAL ABSTRACT

e Biophysical-economic NBS  impact
assessment aids urban adaptation
planning.

e Model simulations show green roofs
perform better than bioswales.

e NBS performance is more promising
under RCP 4.5 than under the current
climate.

o NBS benefits can be enlarged if other co-
benefits are considered.

ARTICLE INFO ABSTRACT

Editor: Ashantha Goonetilleke Globally, flood events are considered the costliest natural hazard. Changes in precipitation patterns and large
areas of impervious surfaces in urban environments are increasing the sensitivity of these systems to runoff

Keywords: production. At the same time, projected global sea-level rise may further increase the frequency of compound

Nature-based solutions (NBS)
Cost-benefit analysis
Geographic information systems

flooding due to simultaneous storm surge, sea-level rise and pluvial runoff that cause vast socio-economic and
ecological impacts to coastal cities. In this context, over the last decade, the role of Nature-Based Solutions (NBS)
Future scenarios has been recognised to support climate change adaptation by addressing ideas of multi-functionality, non-line-
Coastal lagoon city arity and heterogeneity in urban design. Thus, increasing awareness about NBS benefits increases the willingness
Ecosystem modelling to accept these solutions. However, empirical evidence of NBS effectiveness at the urban catchment scale is still
subject to debate. This study develops a spatial biophysical-economic framework that allows for the integrated
assessment of NBS flood risk mitigation impacts, costs and benefits in the face of climate change, combining the
Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model, benefit transfer methods and
Geographic Information System (GIS) tools. Specifically, the InVEST Urban Flood Risk Mitigation model was
used to assess the biophysical impacts of NBS on urban pluvial flood risk, benefit-transfer methods were used to
evaluate the economic implications of such solutions, and GIS was used to integrate and map biophysical impacts
and economic implications. For the case of the coastal lagoon city of Aveiro (Portugal), NBS scenarios of green
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roofs and bioswales under current and future climate conditions were assessed. The main findings of this study
show that green roofs scenarios would save 32 % of the flood damages to buildings and infrastructures every
year, while bioswales help save only 0.1 %. Moreover, green roofs implementation provides larger benefits in the
future climate scenario (representative concentration pathway — RCP — 4.5). The findings confirm the extent to
which knowledge on NBS benefits and costs is partial and uncertain, thus requiring constant progress through
biophysical-economic assessment to support an evolutive decision making process in climate adaptation

planning.

1. Introduction

Among all natural disasters, climate change-related flooding is
considered the most damaging in urban areas (Alves et al., 2020; Eu-
ropean Environmental Agency (EEA), 2012; Middelmann-Fernandes,
2010; Rosenzweig et al., 2019). Especially, extreme rainfall events and
local storms lead to pluvial flooding in many cities when runoff pro-
duction exceeds the drainage capacity of the urban system (Costa et al.,
2021; Houston et al., 2011). A pluvial (or urban) flood refers to the
runoff exceedance to the urban drainage system, during high-intensity
and short- duration precipitation events (Miller and Hutchins, 2017).
In general, and historically, urban drainage systems have had a limited
hydraulic capacity, capable of coping primarily with low magnitude
precipitation events, such as a 10-year return period rainfall events
(Sorensen and Mobini, 2017). This means that even when design stan-
dards are followed, urgent climate-flood risk action is needed to mini-
mize future monetary losses. Extreme rainfall events have become more
common and frequent over the last decades (Pagano et al., 2019; Zhou
et al., 2013), although, it is still challenging for modelers to accurately
estimate the impacts of these extreme events on urban hydraulic sys-
tems. As a result, the estimated impacts of these extreme events come
with high uncertainty and, thus, flood adaptation measures should be
flexible and multifunctional — in particular considering local spatial
variability within the urban environment (Voskamp et al., 2021).

The International Union for Conservation of Nature and Natural
Resources (IUCN) pioneered the concept of Nature-Based Solutions
(NBS) 20 years ago. In 2015, NBS became the core of the European
Commission (EC) research and innovation program. EC defines NBS as
“Solutions that aim to help societies address a variety of environmental, so-
cial, and economic challenges in sustainable ways. They are actions inspired
by, supported by, or copied from nature, both using and enhancing existing
solutions to challenges as well as exploring more novel solutions. Nature-
based solutions use the features and complex system processes of nature,
such as its ability to store carbon and regulate water flows, in order to achieve
desired outcomes, such as reduced disaster risk and an environment that
improves human well-being and socially inclusive green growth” (European
Commission, 2015). In this view, NBS offer a new perspective by
providing a range of benefits (e.g. provisioning, regulating and cultural
services; social cohesion and inclusion; health and well-being; etc.)
while addressing complex urban challenges and mitigating disturbances
caused by climate extremes (Frantzeskaki et al., 2019; Kabisch et al.,
2017; Liu et al., 2016; Ommer et al., 2022). Increasing evidence on NBS
effectiveness in dealing with urban-environmental issues, such as
assessing provided benefits, can better inform evidence-based decisions
for climate adaptation (Alves et al., 2020; Zolch et al., 2018). Examples
of NBS for urban stormwater management include green roofs, bio-
swales, ponds, basins, buffer and filter strips, rain gardens as well as
permeable pavements that can increase the retention, evaporation, and
infiltration of stormwater before it reaches sewage systems (see e.g.
Koiv-Vainik et al., 2022).

However, designing and evaluating long-term adaptation strategies
is still a complex challenge (Aerts, 2018). More attention is often given
to the hazard assessment, while the economic impact assessment of
damages receives less attention within the climate change adaptation
planning framework (Merz et al., 2010). Moreover, economic analysis of
NBS (co-) benefits can have a relevant influence on decision-making

allowing to visualize its financial effects (European Environment
Agency (EEA), 2016). Benefits of flood adaptation strategies are
expressed as the avoided “expected annual damage” (EAD) achieved by
the implementation of NBS (Aerts et al., 2014; Haer et al., 2017). To
date, few studies partly assess the biophysical (e.g. flood risk and
damage) and economic (i.e. monetary costs and benefits) impacts of NBS
for flood risk mitigation, and the employed methods are diverse. Indeed,
an integrated methodological framework explaining how to assess NBS
impacts, costs and benefits is still missing (Price, 2021). Moreover, a
small portion of studies considers climate change data when conducting
integrated scenario-based analysis with NBS adaptation scenarios
(Boelee et al., 2017; Dong et al., 2017; Locatelli et al., 2020; Matos and
Roebeling, 2022; Moore et al., 2016). Contemplating the complexity of
urban adaptation, scenario-based assessment is a crucial tool for
addressing trade-offs in climate change research - aiding policymakers
to visualize and identify near- and long-term impacts in a context of
future uncertainties to inform the design of adaptation measures
(Magalhaes Filho et al., 2022; Riahi et al., 2017). Recently, modelling
software solutions have started to incorporate tools to assess these im-
pacts in the context of green solutions (Matos and Roebeling, 2022). One
such example is the Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST) software, which is a suite of models used to map and
estimate the value of services obtained from nature, containing func-
tions to assess benefits such as pollination, water quality, temperature
regulation, coastal erosion, flood mitigation, among others (Sharp et al.,
2020).

There is a lack of synthesis regarding the evidence on the effective-
ness of NBS for climate change adaptation, and particularly in com-
parison with other alternatives (Chausson et al., 2020; Costa et al.,
2021). Determining the effectiveness of NBS to better integrate such
solutions into urban planning should be performed by in-depth analysis
aimed at demonstrating the multiple costs and (co-) benefits of NBS for
present and future climate (Quagliolo et al., 2022). Further, knowledge
on how costs and benefits are distributed across stakeholders should also
be addressed (Hobbie and Grimm, 2020). While Ecosystem Services (ES)
are often cited in planning documents as indicators to estimate the im-
pacts of urban transformations on the environment, it is quite difficult to
find common analytical biophysical assessments that generate practical
implementation at parcel-based functional zoning in regulating spatial
planning (Costanza et al., 1997).

The objective of this study is to develop a spatial biophysical-
economic framework that allows for the integrated assessment of NBS
flood risk mitigation impacts, costs and benefits in the face of climate
change. To this end, a combination of InVEST model, benefits transfer
methods and GIS tools were employed First, a flood risk assessment was
conducted to assess the biophysical performance of NBS through the
employment of the InVEST Urban Flood Risk Mitigation model. This
model was chosen due to its ability to simulate urban impacts of flooding
using less highly specific data input, making it versatile and easy to
adopt by non-expert users, at the cost of reduced precision and
complexity when compared with dedicated hydrological simulation
software. Secondly, a value transfer method was used to assess NBS costs
and benefits. Value transfer allows the use of (e.g. monetary) value data
from other similar contexts where primary ecosystem service evalua-
tions have been conducted (Brander, 2013). NBS scenarios of green roofs
and bioswales under current and future climate conditions have been
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performed for the case study of the coastal lagoon city of Aveiro
(Portugal). By mapping the expected impacts, costs and benefits of
different NBS across different locations under current and future climate
conditions, it supports urban planners in the development of climate
change adaptation strategies.

2. Materials and methods
2.1. Application: the city of Aveiro (Portugal)

The city of Aveiro (Fig. 1) is a coastal lagoon urban area located on
the Northwest Atlantic coast of Portugal. The municipality of Aveiro has
an area of almost 200 km? representing one of the most populous cities
in the Centre Region of Portugal (population density 414 inhabitants/
kmz) (Instituto Nacional de Estatistica - INE, 2023). For the present
study, the neighborhood scale is used to generate practical imple-
mentation at the parcel level, in line with the functional zoning that
regulates spatial urban planning (Salata et al., 2020). Fig. A.1. — Annex
A shows the 21 administrative neighborhoods identified for Aveiro, of
which those highlighted in yellow constitute the city center (Alboi,
Liceu, Beira-Mar, Carmo, Estacao, Fonte Nova, Férum, Gulbenkian,
Santiago).

Located in front of the Ria de Aveiro coastal lagoon, Aveiro is part of
a fragile ecosystem that is strongly influenced by both natural and
anthropogenic factors modified by climate change. The Ria de Aveiro
has been widely studied in different scientific fields (biology, physics,
environment, etc.). Through the application of hydrodynamic and
morphodynamic models, it was found that the area is strongly influ-
enced by tidal action, while the wind and wave stresses on the lagoon
water levels are smaller in comparison (Dias, 2001; de Lima, 2018;
Ribeiro et al., 2021). The deepening of the lagoon is caused by the in-
crease of tidal wave amplitude and a faster propagation along the
channels. Consequently, several areas on the margin of the lagoon are
threatened by sea water and saltwater intrusion.

Pluvial flooding events in Aveiro are caused by high water levels in
the Ria de Aveiro lagoon in combination with intense rainfall events in
the city (Roebeling et al., 2014). Moreover, the impervious areas for the
Municipality of Aveiro (approximately 21.8 % in 2018) show a positive
trend over the period 2012-2018 — with urbanization uptake of about
61 % onto agricultural areas and 32 % onto natural areas (Copernicus,
2018).

In this context, the extension of urban flood area is expected to in-
crease under climate change scenarios when more frequent and intense
rainfall events as well as mean sea-level rise for the region are foreseen
(Lopes et al., 2013).

Overflow from the city channels occurred several times during its
history, even after the installation of a flood control system in 1985
(sluices and flood gates at the city entrance) to prevent ocean water
intrusion. Indeed, since this moment, the frequency of flooding events
has decreased, and similarly, the resulting waterflow volume has
reduced. However, the city of Aveiro is still affected by pluvial flooding
events in the lowest-lying areas of the city, of which the most adverse
tend to occur when high freshwater inflows and high sea levels coincide
(Baptista Borges, 2013; de Lima, 2018).

2.2. Methodological framework

The spatial biophysical-economic framework that allows for the in-
tegrated assessment of NBS flood risk mitigation impacts, costs and
benefits consists of three stepwise-integrated phases, as shown in Fig. 2.
First, the biophysical assessment uses the Urban Flood Risk Mitigation
model part of the Integrated InVEST software developed by the Natural
Capital Project,’ as to identify the areas most susceptible to flooding in

1 Available at https://naturalcapitalproject.stanford.edu/software/invest
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terms of flood depth. Second, by intersecting the generated inundation
maps with the asset layers, buildings and roads at risk are identified.
Finally, the economic assessment is developed using the value transfer
method (Brander, 2013), as to estimate the costs of NBS (construction
and maintenance) and the benefits of flood risk mitigation (avoided
flooding costs). By employing flood-depth damage functions, the ex-
pected costs of the assets at risk and the annual cost of flooding were
calculated. The NBS impact assessment was developed by integrating
climate (current and future predictions) and adaptation (green roofs and
bioswales) scenarios (see Sections 2.2.1 and 2.2.2, respectively), so as to
obtain the different benefits (i.e. the expected annual flood risk miti-
gation benefits) for current/future climate and NBS scenarios.

2.2.1. Biophysical assessment: InVEST modelling

The Urban Flood Risk Mitigation (UFRM) model is a recent (2019)
product of InVEST. Particularly, this spatial model focuses on the ability
of cities to reduce runoff generation during to rainfall events. Even if the
biophysical quantification of runoff production in the built environment
is difficult to estimate, mainly due to the complexity of sewer systems
and soil infiltration capacity, this model attempts to do it by using some
empirical simplifications (Quagliolo et al., 2021; Salata et al., 2021).
The main assumption of the model considers flood-prone areas as a
result of the interaction between the permeable-impermeable surface
(land use type) and soil drainage (related to the soil characteristics)
layers which generate runoff during rainfall events (Sharp et al., 2020).
As a hydrological model, runoff production is estimated by the USDA
(United States Department of Agriculture) Soil Conservation Service —
“SCS runoff curve number” (SCS-CN) method, using the potential
maximum retention and curve number values on each pixel (Lucas-Borja
et al., 2020; Xu et al., 2020). In addition, the model estimates soil water
retention, which is considered useful to establish comparisons between
scenarios where differences in runoff production are not clearly visible.
The model spatial resolution is 5 m x 5 m pixels. Table A.1 - Annex A
shows the specific data needed for the InVEST-UFRM model.

Different scenarios of one hour-design storms are considered by
including short, medium, and long (10, 50 and 100 years) flood return
periods (i.e. the frequency of recurrence of a certain flood event, such as
50-years). Current scenarios (2001) are given by intensity-duration-
frequency (IDF) curves created for Portugal (Brandao et al., 2001).
The corresponding design storms, equivalent to rainfall intensity (rain-
fall amount per unit of time, such as mm/h), are 25.2 mm/h (10-years),
31.9 mm/h (50-years) and 34.8 mm/h (100-years). To obtain the future
(2050) design storm events, climate projections from the Swedish
Meteorological and Hydrological Institute (SMHI)” were employed. The
Service for Water Indicators in Climate Change Adaptation (SWICCA)®
scenarios of greenhouse gases are based on Representative Concentra-
tion Pathways (RCPs) developed for the Coupled Model Intercomparison
Project Phase 5 (CMIP5) and the Intergovernmental Panel on Climate
Change (IPCC). The moderate emission scenario RCP 4.5 (i.e. without
overshoot pathway to 4.5 W/m? in radioactive forcing — 650 ppm CO;
equivalent — and stabilization after 2100; sea level rise will be on
average 0.47 m between 2081 and 2100) was selected for future climate
simulation. The choice to use a moderate emission scenario such as RCP
4.5 for the present study is justified by the fact that for the first half of the
century (up to 2050), the differences in annual precipitation between
emission scenarios RCP 4.5 and RCP 8.5 are minimal in Portugal (see
Lima et al., 2023). The future precipitation values were calculated by
estimating a mean of the average percentual changes in rainfall between
the current and future scenarios for each return period. Each of these
average change values was derived from an ensemble provided by the
Hydrological Predictions for the Environment (E-hype) model (SMHI,
2021). The rainfall amounts increase by 8 %, 12 % and 14 % from the

2 https://hypeweb.smhi.se/
3 https://climate.copernicus.eu/water-indicators-climate-change-adaptation
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current (2001) to the future (2050) climate scenario for, respectively,
10-years, 50-years and 100-years return period events. The final design
storms for the future climate scenario (2050) are 27.2 (10-years), 35.7
mm/h (50-years) and 39.7 mm/h (50-years). The reference years for
current (2001) and future (2050) scenarios were decided based on the
data that was available at the time the study was conducted.

2.2.2. NBS scenario design

The NBS adaptation scenarios include implementation of green roofs
and bioswales. Green roofs are vegetative multi-layered compositions
implemented on rooftops, with specific retention capacity, substrate and
vegetation. They can contribute to mitigating negative effects related to
urban sealing and heat emissions, by increasing carbon sequestration,
saving energy, reducing heat island effects, increasing evapotranspira-
tion, improving air quality and biodiversity, and raising aesthetic values
(Maciulyte et al., 2018). In continuous urbanized areas, green roofs are
considered among the best solutions to control stormwater runoff (Koiv-
Vainik et al., 2022). Bioswales are vegetated, linear, and low sloped
trenches established along roads in urban areas, with the main objective
of reducing flood risk during, or after, heavy rainfall events. They
absorb, store, and convey surface water (draining from roadways) and
thus delaying runoff peaks and flow velocity while removing pollutants
and sediments as the water trickles through the vegetation and soil
(Gavric et al., 2019; Maciulyte et al., 2018).

The matrix showing the integrated climate (TO = current, 2001,
climate; T1 = future, 2050, climate) and adaptation scenarios (NBSO =
without NBS; NBS1 or NBS2 = with NBS) employed in this study, was
defined as follows:

e TO_NBSO (Current climate & No NBS)

e TO_NBS1 (Current climate & Green roof)
e TO_NBS2 (Current climate & Bioswale)
e T1_NBSO (Future climate & No NBS)

e T1_NBS1 (Future climate & Green roof)
e T1_NBS2 (Future climate & Bioswale)

The choice to simulate these two specific NBS for the present
research is justified by the fact that green roofs and bioswales are among
the main NBS considered to address flooding issues in urban areas of
Portugal (see e.g. Arnsteg et al., 2022). Moreover, this choice has been
driven by the need to model NBS at building and infrastructure scale, as
the damage calculations were conducted on flood risk mitigation service
to the mentioned assets. Technical aspects, such as width and depth for
bioswales or depths of substrate layer for green roofs, are characterized
by average values calculated from three NBS projects and a guidelines
report about the city of Bologna (Italy): UNaLab,” SOS4LIFE,” Urban
GreenUP® and SUDS Guidelines — Bologna city (Comune di Bologna
et al., 2018).

The green roof scenario simulates the effects of implementing green
roofs on all buildings in the neighborhoods that show the highest flood-
related costs from the TO_NBSO (current climate; no NBS) scenario re-
sults. In this way, it is possible to assess the maximum benefits for those
neighborhoods in terms of flood reduction that can be obtained by
implementing NBS. For the purpose of this study, green roofs are
implemented on the total roof area of buildings in the considered
neighborhoods. The total simulated green roof area is 561,170 m?2,
which corresponds to 27 % of the city's total building (roof) area in
Aveiro city. Similarly, bioswales are implemented on all roads in the
considered neighborhoods, covering 20 % of the road (SOS4LIFE proj-
ect’). The total simulated bioswale area is 45,354 mz, which

4 https://unalab.eu/en

5 https://www.sos4life.it/

6 https://www.urbangreenup.eu/
7 https://www.sos4life.it/
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corresponds to 3 % of the city's total road area.

2.2.3. Economic assessment: NBS costs and benefits

2.2.3.1. NBS costs. To estimate NBS costs, a value transfer method was
employed. Implementation costs of green roofs and bioswales include
both investment and maintenance costs. The investment costs consist of
a single payment at the start of the project and include planning costs,
material costs, installation costs and roof reinforcement (for green
roofs). The process of selecting the locations for such solutions consti-
tutes the planning costs, while the material costs consist of the expense
for input materials. The installation costs are the costs for the installa-
tion itself. Sometimes, reinforcement actions are required in order to
prepare a structure to withstand the increased load of the green roof
layer, thus adding reinforcement costs to the total. The maintenance
costs are periodic and occur during the entire lifespan of the NBS. Some
examples of maintenance costs are on-site inspections, fertilizer use, the
replacement of plants, weeding, disease management, and water for
irrigation (Maciulyte et al., 2018). Maintenance costs concerning the
bioswales may be reduced by employing native grasses and plants that
are already adapted to the area, requiring less water, no fertilizer, and
infrequent mowing. If sediment is not removed periodically, a bioswale
may eventually need to be restored to enable the proper flow. In general,
bioswales do not require excessive maintenance. Inspections should be
performed annually and after any major storm event for bare soil,
erosion, sediment and debris to be removed (Maciulyte et al., 2018;
Regione Emilia-Romagna, 2020).

The NBS cost values found in literature broadly differ (i.e. Bianchini
and Hewage, 2012; Locatelli et al., 2020; Zhou and Arnbjerg-Nielsen,
2018; Feng and Hewage, 2018). This research considers cost values
derived from four NBS European projects: UNaLab, SOS4LIFE, Urban
GreenUP and ThinkNature.® Given the large difference in cost values,
three scenarios have been considered, consisting of the “Low” (mini-
mum), “Medium” (average) and “High” (maximum) cost options. By
examining different scenarios, it is possible to perform a sensitivity
analysis to identify the degree of uncertainty on the predicted values
(Boardman et al., 2018). The unit costs considered (€/m?) have been
converted into the same year value (2020) using the consumer price
index (World Bank, 2022). Table 1 reports the different ranges of total
costs and annual costs calculated by considering the expected lifetime
for both implemented solutions.

The total annual costs (TC;) of NBS implementation (in €/year) are
given by the sum of the annual investment costs (IC) and annual
maintenance costs (MC;) for a NBS of specified area (a), such that:

TC, = a*(IC, +MC,) @

where the annual investment costs are calculated as the average in-
vestment costs over the lifetime of the NBS. Also note that the annual

Table 1
Green roof and bioswale lifetime and costs (in 2020 Euros, based on: UNaLab,
SOS4LIFE, Urban GreenUP and ThinkNature).

Lifetime Type of cost Lifetime cost Annual cost
(years) (€/m?) (€/m?/year)
Green 40 Investment 170-450 4-11
roof Maintenaince 3-12
Total 7-23
Bioswale 25 Investment 80-100 3-4
Maintenaince 2-3
Total 5-7

8 https://www.think-nature.eu/
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maintenance costs of NBS correspond to, on average, 2.5 % of the in-
vestment costs of NBS (estimated value from the following projects:
UNaLab, SOS4LIFE, Urban GreenUP and ThinkNature).

2.2.3.2. NBS benefits. To estimate NBS benefits, a value transfer
method was employed. Assessing the expected annual damages (EAD)
caused by flood events is conventionally done using flood depth-
damage-functions (DDFs), by relating the floodwater depth and the
corresponding damage factor for specific classes of infrastructure (Hui-
zinga et al., 2017). This method represents the economic loss (in terms of
absolute or relative values) as a function of the maximum water depth
(Middelmann-Fernandes, 2010). Direct flood damages, related to the
physical impacts on properties (buildings and infrastructures) in flooded
areas, were estimated following four phases (Merz et al., 2010; Roeb-
eling et al., 2014):

1. Firstly, the flooded area and flood depth for each of the scenarios
were assessed using the InVEST Urban Flood Risk Mitigation (UFRM)
model;

2. Second, the elements exposed to risk (asset data) were categorized
according to the classification based on economic sectors: residen-
tial, commercial, industrial and, infrastructure. Building and road
maps were obtained from Geofabrik Open Street Map (OSM) (Geo-
fabrik, 2020). Buildings were classified according to the Portuguese
‘Instituto Nacional de Estatistica’ (INE) in 4 categories: residential,
commercial, mixed (34.5 % commercial and 65.4 % residential), and
industrial. Roads have been grouped in 4 types (big, medium, small
and cycleway) by following the OSM classes (Instituto Nacional de
Estatistica - INE, 2021).

Real estate values for the residential building category were obtained
from INE (Instituto Nacional de Estatistica (INE), 2020) for the Aveiro
district; however, values for commercial and industrial categories were
not available in the INE database for the year of the study (2020).
Huizinga et al. (2017) provided the values for these three classes of
buildings for the year 2010 (€ (2010)/m2). The relative difference be-
tween the median residential building value and the median values of
the other two classes was calculated using the 2010 data. This operation
resulted in two value factors (Residential/Commercial, and Residential/
Industrial) which were then used in conjunction with the 2020 resi-
dential building values to estimate the values of the remaining two
classes for the same year (€ (2020),/m3). Lastly, the mixed category was
calculated by multiplying the values of commercial and residential
buildings with their respective weights in this class (34.5 % and 65.5 %,
respectively). The economic data related to the road category are based
on the full international construction cost data for Portugal provided by
Huizinga et al. (2017), which were updated using the consumer Price
Index (CPI) for Portugal (year 2020) (World Bank, 2015). Table A.2 —
Annex A summarizes the building type and road category asset values in
the city of Aveiro.

3. Third, the exposure of the asset categories (as structures) to flooding
were evaluated by intersecting the flood depth maps with the assets
using geographic information systems (GIS). Potential damage (D;)
to assets (i) was determined using the DDF (Davis and Skaggs, 1992)
based on data from Huizinga et al. (2017) and fitting the quadratic
function:

D; = aH; — pH; 2

with D; the rate of damage to asset i (in % of the respective value v;),
where H; is the height of flood (in m) and i is the asset class, and where a
and p are parameter estimates.

The expected annual damage per return period (EAD, ) was obtained
by multiplying the expected total damage costs per event (i.e. the
damage to all flooded asset type values) and flood occurrence proba-
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bility (i.e. the inverse of the flood return period; r), such that:

EAD,, = Y0 (D, v) @)

i

where D; is the rate of damage to asset i, F;; is the flooded area per return
period r and asset i, v; is the value of the asset i, and % is the probability of
occurrence of a flooding event with return period r.

4. Finally, the expected annual damage (over all return periods; EAD,)
was obtained by summing the expected annual damages per return
period (EAD;,) over all return periods r, such that:

EAD, = ZEAD,_, 4

Hence, the expected annual damage was calculated for the situation
without (NBSO) and with (NBS1; NBS2) nature-based solutions.

The total annual benefits (TB,) of NBS implementation (in €/year),
corresponding to the total avoided flooding costs due to NBS imple-
mentation, is given by the difference between the expected annual
damage without (NBSO) and with (NBS#) nature-based solutions, such
that:

1B, = [EADJNBSO - [EADJNBS# 5)
3. Results
3.1. NBSO scenario: current and future climate

This section presents the results for the scenarios without the
implementation of NBS (NBS0). The biophysical impacts for the current
(TO) and future (T1) climate scenarios show that the flood depth in-
creases with higher return periods — on average by about 10 % between
TO and T1 scenarios under all return periods (see Fig. 3). Compared to
the 10-years return period event, flood depth is 40 % and 50 % larger for
events with return periods of 50 and 100-years, respectively — both for
TO and T1. The neighborhoods Beira Mar, Liceu, Forum, Gulbenkian,
Carmo, Santiago and Zona industrial are the areas most susceptible to
flooding in the city of Aveiro.

Although the expected total damage costs for events of less intense
precipitations (i.e. return periods of 10 years) are substantially lower,
their high frequent nature means that their cumulative damage exceeds
the expected annual damage costs of a more intense rainfall event (i.e.
return period of 100 years; see Table 2). Compared to a 10-years return
period event, the expected annual flood costs are 78 % and 88 % lower
for events with return periods of 50 and 100-years for TO scenarios. On
the other hand, compared to the 10-years return period event, the ex-
pected costs per event are 12 % and 22 % larger for events with return
periods of 50 and 100-years, respectively, both for TO and T1.

Results for the expected annual flood damages to buildings and roads
per neighborhood (€/year) for the current (TO) and future (T1) scenarios
show their distribution across all neighborhoods in the city of Aveiro
(see Table 3). However, some neighborhoods (Liceu, Santiago and Zona
industrial) show substantially more annual damages when compared to
others. In the city center, Liceu is the neighborhood that is most affected
by high annual damage costs (644,192 €/year) even if its extension
(582,416 m?) is considerably smaller than, for example, Santiago
(1,126,149 m?) that faces lower annual damage costs (422,880 €/year).
This is due to differences in flood depths and asset values across
neighborhoods. The total expected annual flood damage for the city of
Aveiro is approximately € 4 million per year in the TO_NBSO scenario.
Annual flood damages are 4 % higher in the future climate scenario
(2050) than in the current situation (2001). The total building area of
Aveiro (2,159,737 m?) mostly consists of residential buildings (40 %),
followed by industrial (30 %), commercial (26 %) and mixed buildings
(4 %). The total road area of the city covers 1,487,578 m2 In general,
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Fig. 3. Flood depth (in mm) under 10, 50 and 100-year return periods as mean value per neighborhoods for current (left) and future (right) scenarios.

Table 2
Expected total damage costs per event (€) and expected annual damage costs (€/year) of building and road for current and future climate scenarios at city scale.
Expected total damage costs per event (€/event) Expected annual damage costs (€/year)
10-years 50-years 100-years 10-years 50-years 100-years
Current scenario 34,081,564 38,033,186 41,559,891 3,408,156 760,663 415,598
Future scenario 35,225,860 41,384,816 43,217,083 3,522,586 827,696 432,171
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Table 3
Expected flood damage (€/year) to buildings and roads per neighborhoods under
current and future climate scenarios (with percentual variation in parenthesis).

Neighborhood Current Future

Pingo Doce 15,415 16,726 (+9 %)
Agras Norte 16,686 18,885 (+13 %)
Verdemilho 47,832 50,473 (+6 %)
Glicinias 48,156 52,397 (+9 %)
Gulbenkian 51,277 53,183 (+4 %)
Fonte Nova 54,464 56,986 (+5 %)
Azurva 90,352 96,291 (+7 %)
Alboi 146,107 150,766 (+3 %)
Estacao 146,830 151,526 (+3 %)
Forum 213,200 223,119 (+5 %)
Forca 237,087 244,503 (+3 %)
Barrocas 271,508 281,189 (+4 %)
Carmo 298,078 308,263 (+3 %)
Olho d'Agua 298,811 309,289 (+4 %)
Beira-Mar 310,452 320,544 (+3 %)
Vilar 394,682 427,347 (+8 %)
Esgueira 424,764 439,873 (+4 %)
Santiago 424,777 447,618 (+5 %)
Zona industrial 448,575 468,284 (+4 %)
Liceu 645,367 665,192 (+3 %)
Total (city) 4,584,419 4,782,453 (+4 %)

observed damages are higher in neighborhoods containing the largest
areas of commercial buildings (which have a higher infrastructure
value).

3.2. NBS1 and NBS2: current and future scenarios

3.2.1. Biophysical results

Results for flood depth reduction due to green roof (NBS1) installa-
tion show that neighborhoods in which green roofs are implemented
have the largest variations in retained water volume (see Table 4). The
results demonstrate, also, a slight improvement between the current and
future climate. Soil water retention increases by 9 % for 10-years return
period, 10 % for 50-years and 11 % for 100-years events under both
current and future climate. Looking at the neighborhood scale, increases
in retained water volume are usually observed in neighborhoods with
larger areas of NBS implementation. However, largest increases in water
retention are observed in the Beira-Mar neighborhood (92,986 m?),
even if the largest green roof area has been implemented in Santiago
(209,630 m?). Reasonably, Beira-Mar presents the largest increase in
retained water volume (up to over 120 %; i.e. retention capacity more
than doubles) because it is the neighborhood with the largest relative
area of green roof implementation, with green roofs covering 45 % of the
total neighborhood area. Liceu follows with 32 % of NBS surface
coverage, while Santiago and Forca present lower values (19 % and 15
%, respectively).

Results for flood depth reduction due to bioswale (NBS2) installation

Table 4
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show, as expected, that neighborhoods in which bioswales are imple-
mented receives the largest variations (see Table 4). The results also
demonstrate a slight improvement between the current and future
climate. Soil water retention increases by 4 % for 10-years return period,
3 % for 50-years and 100-years events under both current and future
climate. Again, increases in retained water volume are observed in
neighborhoods with larger areas of NBS implementation. However, the
largest increases in water retention (up to 15 %) are observed in the
Liceu neighborhood (12,602 m?), even if the largest bioswale area has
been implemented in Santiago (18,880 m?) followed by Forca (13,873
m?). The reason Liceu presents the largest increase in retained water
volume is because it is the neighborhood with the largest relative area of
bioswale implementation, with bioswales covering 64 % of the total
road area within the neighborhood.

3.2.2. Economic findings

Results for green roofs (NBS1) show that the Liceu neighborhood
obtains the highest (up to almost 620 k€/year) and the Forca neigh-
borhood the lowest (up to about 225 k€/year) flood mitigation benefits
(see Table 5). Total green roof benefits in Aveiro amount to ~1.5 m€/
year, and increase on average by 4 % from the current situation (T0) to
the future climate (T1) scenarios. For the bioswale scenario (NBS2), the
Santiago neighborhood presents the highest (up to about 1.4 k€/year)
and the Liceu neighborhood the lowest (up to about 0.9 k€/year) flood
mitigation benefits (see Table 5). Total bioswale benefits in Aveiro
amount to ~3.2 k€/year, and increase by 10 % from the current situa-
tion (TO) to the future climate (T1) scenarios. Hence, flood mitigation
benefits from bioswales are a fraction (less than 0.5 %) of those from
green roofs.

NBS annual costs are given for three scenarios (Low, Medium and
High; see Table 5). Results for green roofs (NBS1) show that largest
annual costs are observed in the Santiago neighborhood (as of 1.6 m€/
year) and lowest for the Forca neighborhood (as of ~0.6 m€/year). Total
green roof costs in Aveiro amount to, at least, ~4.5 m€/year. Results for
bioswales (NBS2) show that largest annual costs are, also, observed in
the Santiago neighborhood (as of 94 k€/year) and lowest for the Liceu
neighborhood (as of 63 k€/year). Total bioswale costs in Aveiro amount
to, at least, ~225 k€/year. Hence, bioswale costs are a fraction (about 5
%) of those for green roofs. Neighborhoods with higher NBS costs
correspond, self-evidently, to larger green roof and bioswale imple-
mentation areas.

The largest costs and benefits of NBS do not always coincide across
neighborhoods, due to differences in NBS implementation area (and thus
NBS annual costs; largest in the Santiago neighborhood) and asset values
(and thus flood mitigation benefits from NBS; largest in the Liceu
neighborhood). Even though the present research shows that costs
outweigh benefits for both NBS scenarios, it is important to claim that, in
the case of green roofs, the benefits contribute to between 11 % to 32 %
of the NBS annual costs every year under current climate conditions
(range of 12 % to 34 % under future climate conditions). In the case of

Percentual differences (NBS1-NBSO and NBS2-NBS0) in retained water volume (%) of green roofs and bioswales, respectively, for 10, 50 and 100-years return periods

per neighborhood under current and future climate scenarios.

Current climate

Future climate

10-years 50-years 100-years 10-years 50-years 100-years
NBS1 scenario (green roof)
Beira-Mar 96.48 % 111.36 % 116.93 % 101.26 % 116.37 % 121.94 %
Liceu 46.26 % 52.70 % 55.25 % 48.28 % 54.99 % 57.61 %
Forca 17.88 % 19.89 % 20.69 % 18.52 % 20.61 % 21.44 %
Santiago 20.10 % 22.03 % 22.76 % 20.72 % 22.69 % 23.43 %
NBS2 scenario (bioswale)
Liceu 12.08 % 13.67 % 14.29 % 12.58 % 14.23 % 14.87 %
Forca 13.36 % 14.78 % 15.34 % 13.81 % 15.28 % 15.86 %
Santiago 7.21 % 7.89 % 8.14 % 7.43 % 8.11 % 8.36 %
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Table 5

Science of the Total Environment 902 (2023) 166202

Annual benefits and costs (in €/year), for neighborhood, of green roofs and bioswales, respectively,
under current and future climate scenarios and considering Low, Medium and High cost scenarios.

Annual benefits (avoided costs (€/ycar)) Annual costs (€/year)
Current ‘ Future Variation (current | Low ‘ Medium ‘ High
& future)

NBSI1 scenario (green roof)
Beira-Mar | 276,370 285,311 +3% 743,887 1,487,773 2,045,688
Liceu +3% 1,484,662 2,969,325 4,082,821
Forca 218,539 225216 +3% 583,772 1,167,544 1,605,374
Santiago 380,385 401,213 +5% 1,677,039 3,354,078 4,611,857
Total (city) | 1,475,617 1,530,402 +4% 4,489,360 8,978,720 12,345,740
NBS2 scenario (bioswale)
Liceu 826 906 +10% 63,008 75,609 88,211
Forca 850 933 +10% 69,363 83,236 97,108
Santiago 1,281 1,405 +10% 94,399 113,279 132,159
Total (city) | 2,957 3,244 +10% 226,770 272,124 317,478

bioswales, the benefits contribute to between 0.9 % to 1.3 % of the NBS
annual costs every year under current climate conditions (range of 1 %
to 1.4 % under future climate conditions).

4. Discussion
4.1. Comparing results with previous studies

From a biophysical perspective, the simulations show that the pluvial
flooding risk is distributed across all the neighborhoods in the city of
Aveiro. Additionally, the pluvial flooding risk increases in the face of
climate change (RCP 4.5; 2050). Both green roofs and bioswales have
positive effects in terms of flood reduction given their capacity to store
rainwater. However, green roofs are more effective than bioswales in
reducing pluvial flooding risk. In general, NBS water retention is larger
under high return period events as well as under future climate sce-
narios, which are characterized by more intense rainfall. From an eco-
nomic perspective, albeit higher return period events imply larger total
damage costs than lower return period events, lower return period
events imply higher annual damage costs than higher return period
events. Results show large annual building and road damage costs,
which increase in the face of climate change. Green roofs provide larger
benefits than bioswales; both NBS provide the largest benefits under the
less intense — yet more costly — lower return period flooding events.
Comparing benefits and costs, results show that NBS costs outweigh
their benefits — suggesting that NBS are unlikely to be cost-beneficial
when only taking into account flood mitigation benefits.

Previous studies focused on assessing urban flood mitigation through
NBS implementation (Boelee et al., 2017; Costa et al., 2021; Fenner
etal., 2019; Jackisch and Weiler, 2017; Lee et al., 2013; Mei et al., 2018;
Nguyen et al., 2021; Ramirez et al., 2016; La Rosa and Pappalardo,
2020; Rozos et al., 2013; Salata et al., 2021; Yao et al., 2020). For
example, in line with Costa et al. (2021), who assessed the effectiveness
of reducing flood depth by implementing various NBS scenarios (such as
green roofs, green parking and water storage on the streets), the present
research shows that green roofs implementation can be effective for
flood control during rainfall events with low to high probability of
occurrence. Moreover, both works proved that flood reduction by NBS
improves with higher return periods when water depth is considered a
proxy of flooding. La Rosa and Pappalardo (2020) and Yao et al. (2020)
state that NBS for flood reduction are highly context-specific, and their
spatial behavior depends on different aspects (such as land use, hydro-
logical system, demographic paths, NBS typology, etc).

Comparing avoided flooding cost literature results is still difficult
because studies focusing on flood mitigation often employ distinct
methods, and they do not assess the same types of NBS. Some previous
studies worked on avoided flooding costs in terms of damage calculation

in urban areas (Alves et al., 2020; Bennink, 2022; Bertilsson et al., 2019;
Webber et al., 2018). A different method was used by Jenkins et al.
(2017), who focused on the interaction between flood insurance and
surface water flood risk management in the United Kingdom. However,
some researches showed important findings on flood mitigation benefits
from NBS which might be interesting to point out. Alves et al. (2020)
showed that the maximum damage reduction achieved by applying a
combination of green and grey solutions is 50 % of the total flood
damage value; they also found that green roofs lead to an annual saving
of approximately 32 %. This is in line with the results of this study,
which show a reduction in annual flood damages of 32 % and 31 %, with
green roof implementation under the current and future climate sce-
narios, respectively.

One study that worked on future climate scenarios (Velasco et al.,
2018), argued that green roofs provided higher net-benefits in the
pessimistic climate scenario in relation to the optimistic climate sce-
nario. Results of the present research showed the same result, indicating
that NBS provided larger flood mitigation benefits in the future sce-
narios. This is due to the NBS ability to store additional water during the
more intense rainfall events that characterize high return-periods and
scenarios including future climate conditions. As more flood damages
are mitigated in these scenarios, the benefits of NBS are larger. Indeed,
what emerged from this research is the result of the moderate future
climate scenario (RCP4.5) and, thus, benefits could increase if other,
more extreme future scenarios were to be considered (such as RCP8.5).

4.2. Limitations, recommendations and future perspectives

Firstly, the biophysical assessment presents some limitations, for
instance regarding the data used in the InVEST model. The hydrological
soil group raster is a worldwide database with 250 m resolution, and is
often too wide to capture the variation in soils within the urban system.
Moreover, the ability of InVEST to simulate pluvial floods is imperfect,
as it does not consider essential inputs for flood estimates, such as the
elevation of the terrain. The flood estimate by the InVEST model is
expressed in terms of flood depth only, without considering water flow
and drainage (grid-based model) and flood velocity — leading to an un-
derestimation of potential flood damage costs. Furthermore, this InVEST
model is not explicitly designed to account for specific features of NBS
(such as the vegetation type) and, thus, it was necessary to make as-
sumptions and approximations to manage the modelling of the adap-
tation simulations. The choice to use UFRM-InVEST modelling for the
biophysical assessment was mainly associated with the free and open-
source nature of the software.

Another limitation of this study lies in the usage of only one future
climate scenario (RCP 4.5), which does not allow for a complete esti-
mation of the possible benefits of NBS under the wider range of possible
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future climate conditions. The choice to consider RCP4.5 was due to the
more moderate nature of this scenario. Alternatives point towards more
extreme scenarios (RCP 8.5) in 2100. However, some authors argue that
RCP 8.5 is a very unlikely scenario while others point out that there is a
35 % probability of exceeding the RCP 8.5 scenario (Christensen et al.,
2018; Peters and Hausfather, 2020). Given the more intense rainfall
events under e.g. RCP 8.5, it can be expected that NBS water retention,
flood mitigation impacts and benefits are larger under more extreme
climate scenarios.

Limits and uncertainties are also nested in the economic assessment.
The NBS benefits considered in this analysis are limited to avoided
monetary losses resulting from flood risk mitigation — i.e. the direct
flood damage to the structure of the property while excluding the con-
tents value. By forgoing the contents value, the potential damages are
underestimated and, thus, so are the potential benefits of NBS. For
example, a study conducted on assessing the cultural and regulating
ecosystem service values of green/blue solutions in the city of Aveiro
(Portugal) highlighted a potential underestimation of flood damages
equal to 15 % (Roebeling et al., 2014). Among the limitations observed
in this study, the NBS cost calculation should be underlined. This study
employs NBS costs as aggregated values from the existing literature on
this recent topic. There is often a lack of data on some specific NBS;
hence, the values are not context-specific and, thus, are ballpark esti-
mates for investment and maintenance costs.

Despite these limitations, this research explores how this approach
can be adopted in the adaptation process to support cities in the
assessment and adoption of NBS to reduce pluvial flooding. Two key
points can be highlighted as policy recommendations to address adop-
tion of NBS in different urban contexts. Firstly, NBS implementation is a
very context-specific process — namely in the definition of the objectives,
risk assessment, climate regions and roadmaps (Maciulyte et al., 2018;
Raymond et al., 2017). Hence, replicability and upscaling of NBS is
strong when the implementation approach is tailored to local condi-
tions. The framework developed in the present study can, thus, be used
as a primary means of assessing potential NBS impacts, costs and ben-
efits, in an inexpensive, spatially-explicit manner. Nevertheless, a sec-
ondary, deeper, exploration of the subject using more complex models is
recommended when planning large-scale NBS adoption actions. Second,
a barrier exists that is related to the perception among some policy
makers that nature is not a real part of the solution to address the
complex environmental and social challenges of cities. Indeed, the
environmental features in cities are often treated as ‘costs’ rather than as
an investment in assets. This can hinder NBS adoption, as these solutions
are costly, and may require time to mature and deliver a wider selection
of benefits across different stakeholders. Additionally, NBS are often
undervalued because their multiple benefits are not considered. Barriers
in evaluating these benefits are often a consequence of natural resources
and services not having direct market values, thus, their full contribu-
tion to society is rarely identified. By assessing the economic value of
flood mitigation services provided by NBS, which have no direct market
value, this study helps overcome such barriers.

The perception of NBS benefits can be improved if other co-benefits
of these solutions are considered. Economic valuation methods are still
insufficient to represent all NBS co-benefits in cities, considering that
many benefits are challenging to assess in economic terms (Elmqvist
et al., 2015). We argue that evaluating a single ecosystem service from
these solutions does not accurately reflect the value of the full range of
benefits they can provide, resulting in an underestimation of values and
benefits. As the present study only assesses flood mitigation benefits
without considering other co-benefits, the focus is placed on comparing
NBS impacts, benefits and costs and, thus, putting more emphasis on
NBS benefits, rather than performing a partial Cost-Benefit Analysis
(CBA). Further work is needed on economic valuation methods for NBS
co-benefits, such as aesthetics enhancement, biodiversity improvement
and recreation, among others. As such, one recommendation for future
studies regarding the improvement of this framework would be to
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include more ES in the assessment process. This should be done in a way
that does not impact the framework's overall simplicity and ease of
adoption for practitioners with limited access to specific data and/or
software. Additionally, the validity of this NBS assessment methodology
can be reinforced by applying this framework to more settings charac-
terized by different climatic, land use, and socioeconomic conditions.

5. Conclusions

This work presents a method to integrate biophysical and economic
impacts of NBS for pluvial flood risk adaptation in the face of climate
change - including a comparative analysis of flood risk mitigation im-
pacts, costs and benefits of green roofs and bioswales for the case of
Aveiro (Portugal). To achieve this goal, monetary values of flood dam-
ages to buildings and roads as well as benefits and costs of NBS, namely
green roofs and bioswales, have been assessed. The NBS performance
assessment has been simulated for rainfall events with return periods of
10, 50 and 100 years, considering both current (2001) and future (RCP
4.5) climate scenarios. This approach has been applied to the Aveiro
case study without the intent to provide precise cost and benefit data.
The aim is to prove the potential of a locally adapted approach to assess
NBS impacts for urban flood risk mitigation.

Results for Aveiro show that NBS water retention is larger under high
return period events as well as under future climate scenarios, while
green roofs are more effective than bioswales in reducing pluvial
flooding risk. Lower return period events imply higher annual damage
costs than higher return period events and, thus, green roofs provide
larger flood mitigation benefits than bioswales that, notably, are larger
under future climate conditions. NBS are unlikely to be cost-beneficial
when only taking into account flood mitigation benefits, as NBS costs
outweigh their flood mitigation benefits.

This study goes beyond previous studies by quantitively assessing
NBS flood mitigation impacts, costs and benefits through a combination
of adaptation and climate change scenarios (rather than only adaptation
scenarios) and, by spatially representing the obtained estimates at the
neighborhood scale (rather than city scale). This methodological
framework may be used as a guide on how to replicate a spatial
biophysical-economic assessment of NBS implementation to reduce
urban pluvial flood impacts and costs. Despite the uncertainty in the
scenarios, the results of this study can be employed for the development
of urban NBS development strategies, as it provides insight in the areas
that are most prone to and bear the largest cost of flooding as well as
which NBS can best be employed to mitigate flooding impacts and costs.
Further research will be dedicated to compare different contexts, paying
attention to the local differences associated with the design of flood
return periods.
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