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Abstract

Climate change is expected to modify precipitation patterns and increase flood hazard
in urban areas, potentially affecting critical infrastructures such as wastewater treatment
plants (WWTPs), often located in flood-prone zones. This study assesses the impacts of
climate-driven changes in extreme rainfall on flood hazard, pedestrian safety, and tangible
physical damage at WWTPs in the Metropolitan Area of Barcelona, Spain. Twenty-four
future flood scenarios are defined using CMIP6-based downscaled climate projections
(SSP126 and SSP585), two time horizons (2041-2070 and 2071-2100), and different climate
model percentiles. Climate Change Coefficients derived from updated Intensity-Duration—
Frequency curves are applied to hydrodynamic simulations to evaluate flooded and high-
hazard areas for plant workers, as well as direct economic damage at the Montcada i Reixac
WWTP, used as a case study. Results indicate limited changes under SSP126, while SSP585
leads to systematic increases in hazard extent and damage, particularly for long-term
projections (2071-2100) and extreme percentiles (90th). A large dispersion among climate
models is also observed, especially for extraordinary flood events. Finally, a site-specific
nature-based adaptation measure targeting frequent floods is proposed, demonstrating
the potential of integrated assessments to support sustainable adaptation planning and to
reduce the Expected Annual Damage in future climate conditions by 93%.

Keywords: wastewater treatment plants; floods; climate change; damage assessment;
pedestrian hazard assessment; sustainable adaptation measures

1. Introduction

Wastewater treatment plants (WWTDPs) are strategic infrastructures for the protection
of public health, environmental conservation, and the proper functioning of urban systems.
In highly populated areas, such as metropolitan agglomerations, their continuous operation
is essential to ensure wastewater treatment, preventing public health issues and protecting
the receiving water bodies [1,2]. These facilities are commonly located in low-lying, flood-
prone areas near rivers, ephemeral streams, or coastal zones [3], facilitating gravity-driven
conveyance, reducing energy costs, enabling efficient discharge of treated effluent into
the natural environment, and reflecting historical urban planning decisions [4]. Although
this location offers operational advantages, it increases exposure to fluvial, pluvial, and
coastal flooding [5], extreme climate hazards that can disrupt treatment processes [6], cause
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direct damage to plant components [7], and lead to significant economic and environmental
impacts [8].

Flooding is one of the most damaging natural hazards affecting critical infrastructure
worldwide [9]. Focusing exclusively on direct physical damage, there are documented
flood events that have inundated entire wastewater treatment plants in past decades
in the United States, with associated losses amounting to several million euros [10]. In
Spain, the Consorcio de Compensacién de Seguros, the public insurer for extraordinary events,
compensated more than EUR 15 million for damages to sanitation facilities between 2000
and 2023, according to official records [7]. More recently, the DANA episode that affected
Valencia (Spain) in October 2024 reportedly damaged more than 123 wastewater treatment
plants, and the regional government allocated over EUR 100 million to a recovery plan
for the facilities and the sanitation system [11]. Beyond direct physical damage, indirect
impacts often persist over longer periods when treatment services are disrupted, potentially
leading to the discharge of untreated wastewater, degradation of receiving ecosystems, and
penalties for non-compliance with environmental regulations [6].

Current evidence suggests that climate change is likely to increase the frequency and
severity of extreme weather events, thereby intensifying stress on the sanitation system
and facilities [12]. Changes in precipitation patterns, increased frequency and intensity of
extreme rainfall events, and altered hydrological regimes are projected to modify flood
hazard characteristics across many regions [13], also in the Barcelona Metropolitan Area, in
Spain [14].

In recent years, a new generation of Global Climate Models (GCMs) has been de-
veloped within the framework of the sixth Coupled Model Intercomparison Project
(CMIP6) [13,15]. In this context, the climate projections are framed using Shared Socioeco-
nomic Pathways (SSPs), which combine socioeconomic development trajectories projected
up to 2100 with greenhouse gas concentration scenarios. Under medium- to high-emission
scenarios, projections consistently indicate an intensification of extreme hydrological events
in many Mediterranean and temperate regions. Within the scope of the ICARIA Project [16],
which aims to improve the resilience of critical infrastructure and strategic assets against
extreme climate events through advanced multi-risk modelling, statistical downscaling
of CMIP6 model projections has been developed for the Metropolitan Area of Barcelona
(AMB), in Spain [17,18]. These data constitute the starting point of the research presented
in this paper. Although this downscaling does not show a direct correlation between green-
house gas concentrations and increases in total precipitation (as observed for variables such
as temperature [19]), it does indicate a concentration of precipitation into more extreme
events, which is expected to affect the intensity and magnitude of runoff and flooding [17].

Previous studies have highlighted the key role of ephemeral streams in urban flooding
for events with return periods shorter than 100 years [20], and specifically in wastewater
treatment plants [7], as a result of their exposure due to location and the high hazard driven
by peak flows under flash flood conditions. Consequently, there is a need for studies that
explicitly address how climate-driven changes in flood hazard translate into changes in
hazard and economic damage at wastewater treatment facilities. In this context, the main
objective of this research is to assess how total tangible physical damage (direct impacts on
infrastructure resulting from flooding) and high-hazard areas within wastewater treatment
plants may increase because of future variations in precipitation patterns, and to understand
the relative influence of SSPs, time horizons, and climate model percentiles on these impacts.
Changes in the Intensity-Duration-Frequency (IDF) precipitation curves developed within
the ICARIA Project [17,18,21] have been used as the basis for defining climate change
factors for different SSP scenarios and time horizons for the watercourses within the study
domain, as detailed in Section 2. Moreover, uncertainty is explicitly considered through
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the analysis of the Mean Values and the 90th percentile of projected discharges from the
climate models.

Against this background, this study initially focuses on how projected hydrological
changes affect high-hazard areas within the WWTPs. To address this issue, the existing
literature commonly applies hazard criteria for pedestrians, understood here as plant work-
ers and staff, typically defined as combinations of floodwater depth and flow velocity [22].
Among the available approaches, two high-hazard area criteria are selected, applied, and
compared in this research: the assessment used in the Spanish Regulation of the Public Hy-
draulic Domain (RDPH), proposed by Témez [23], and the loss-of-stability sliding criterion
proposed by Martinez-Gomariz [22]. Changes in high-hazard areas within the facilities
across different climate scenarios are relevant for the definition of both current and future
evacuation protocols during flood events.

On the other hand, the economic assessment of tangible flood damage at WWTPs
remains a relatively underexplored field, with most existing studies providing predom-
inantly qualitative results [6]. In some cases, hydrodynamic modelling combined with
damage curve approaches has been applied, such as in studies conducted by the Centro
de Estudios y Experimentacion de Obras Piiblicas (CEDEX) to assess flood impacts at two
plants in Madrid, Spain [24,25], and more recently in two case studies on the island of
Rhodes [26] or New York [27]. In both cases, generic vulnerability curves for wastewater
facilities provided by the HAZUS Flood Model [28] were used. In this research, the damage
assessment methodology specifically developed using data from wastewater treatment
facilities in the Metropolitan Area of Barcelona [7] is applied, where plant-specific damage
curves were derived for different asset typologies, and floodwater depth (m) is used as the
main hazard driver.

In order to illustrate the broader implications of climate change on flood damage at
wastewater treatment facilities, the assessment of climate change impacts is developed
using the Montcada i Reixac WWTP (Barcelona, Spain) as a case study. This facility has
a treatment capacity exceeding 420,000 population equivalents (pe) [29] and has been
identified in previous studies [7,30] as the plant with the highest potential exposure and
flood-related damage within the Metropolitan Area of Barcelona under current climatic
conditions. The plant is exposed to flooding from nearby fluvial and ephemeral water-
courses and is representative of many WWTPs operating in Mediterranean urban contexts.
While results are presented for this specific facility, the emphasis of the study is on deriving
general insights into how climate change may modify flood hazard and damage patterns at
wastewater treatment plants more broadly. Accordingly, the analysis examines the evolu-
tion of mean flood depths, inundated area, areas classified as a high hazard, and integrated
damage estimates across different climate scenario combinations. The concept of Expected
Annual Damage (EAD) is used to facilitate comparison between the evaluated scenarios.

Finally, a site-specific adaptation measure is proposed for this WWTP [31]. Building
on the climate impact assessment, this study further explores adaptation strategies aimed
at reducing future flood damage originating from a nearby ephemeral watercourse. A
nature-based solution combining a vegetated embankment and a flood retention basin
is proposed and evaluated in terms of its potential to reduce EAD under selected future
scenarios. By comparing damage estimates with and without the adaptation measure, the
study provides a quantitative assessment of risk reduction potential, explicitly accounting
for climate change effects. This approach allows the assessment of adaptation effectiveness
under future climate conditions.

Overall, this work contributes to the growing literature on climate change impacts
on critical infrastructure by providing a detailed, facility-scale assessment of flood hazard
evolution, damage trajectories, and adaptation effectiveness at wastewater treatment plants.
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By integrating climate projections, hydraulic modelling, damage assessment, and adap-
tation analysis within a consistent framework, the study aims to support more informed
decision-making for flood risk management. Consequently, the detailed assessment of this
WWTP is framed within an ambitious climate change adaptation plan for the infrastruc-
tures of the urban water cycle of Aigiies de Barcelona, the water utility in charge of the
management of the sanitation system in the Barcelona Metropolitan Area.

2. Materials and Methods
2.1. The Case Study: Montcada i Reixac Wastewater Treatment Plant

The research focuses on the Montcada i Reixac wastewater treatment plant, a facility
with a treatment capacity of 72,600 m3/day located in the north-eastern sector of the
Metropolitan Area of Barcelona (AMB). The plant treats wastewater from six municipalities
in the area and also receives a significant industrial load [32], accounting for approximately
7% of the total wastewater generated by the more than 3 million inhabitants of the AMB.
It is located on the right bank of the Besos River, one of the two main rivers crossing the
entire metropolitan area. In addition, the facility is situated downstream of the Vallengana
stream, a torrential watercourse draining the surrounding upland catchments. Figure 1
shows the location of the municipality of Montcada i Reixac (a), the rivers and ephemeral
streams in the vicinity of the plant (b), and a three-dimensional schematic of the facility
and the contributing watercourses (c).
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Figure 1. (a) Location of Montcada i Reixac within Catalonia (Spain); (b) location of the Montcada i
Reixac WWTP and the surrounding contributing watercourses; and (c) three-dimensional schematic
of the WWTP, including the recent expansion, as well as the relative position of the Besos River and
the Vallengana stream.

The facility has an estimated asset value of approximately EUR 57 million, based on
official documentation from the Catalan Water Agency [29]. The plant provides secondary
treatment and was upgraded in 2024 to include nitrogen removal [32]. Previous studies
indicate that the facility is located within a flood-prone area, being affected by overflows
from the Vallencana ephemeral stream for events with 10-, 100-, and 500-year return periods,
and by the Besos River for events with a 500-year return period [7]. The recent expansion
is located in the northern sector of the plant, an area highly exposed to overflow from
the stream under extreme events. These factors justify the selection of this facility as the
case study.
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Event probability

2.2. Climate Scenarios and Time Horizons

As introduced in the previous section, this research has used climate projections
developed within the framework of the sixth Coupled Model Intercomparison Project
(CMIP6) [15], in which the future behaviour of different climatic variables (up to 2100) is
defined as a function of a combination of socioeconomic development trajectories, mainly
driven by greenhouse gas emissions. These trajectories are represented by the Shared
Socioeconomic Pathways (SSPs) [33], which describe a potential line of evolution for
humankind in terms of different pathways, such as radiative forcing driven by adopted
mitigation policies, the adaptation strategies followed, and the prevailing social concepts
of human development [34]. These models have been downscaled to the territory of the
Metropolitan Area of Barcelona [17].

Following Intergovernmental Panel on Climate Change (IPCC) recommendations [13],
the ICARIA project used climate models from CMIP6 (10 in total). Specifically for precipi-
tation, daily data were obtained for the period 2015-2100 for each Global Climate Model
(GCM) and socioeconomic scenario (SSP). By combining these downscaled variables across
the different models, future variations in Intensity—Duration-Frequency (IDF) curves can
be derived.

Within the framework of the European ICARIA project, damage assessment method-
ologies for climate hazards have been developed and applied to different high-value assets
for society [35]. To evaluate impacts under future conditions, the SSP126 and SSP585
climate scenarios were selected for the mid-term (2041-2070) and long-term (2071-2100)
horizons to capture the lower and upper bounds of plausible future climate conditions.
In addition, to account for uncertainty in the predictive models, both the ‘Mean value’
(average values of the ten climatic models) and an “Extreme value’ (90th percentile) were
also considered in the analysis.

Floods are climate hazards driven by extreme meteorological conditions. Accordingly,
these scenario combinations are applied independently to each watercourse contribution
for events with 10-, 100-, and 500-year return periods. The combination of variables results
in 24 future scenarios and 3 actual scenarios, yielding a total of 27 situations to be simulated,
as summarised in Figure 2.

Socioeconomic Pathway Time horizon Model uncertainly_

[ 10-year Return Period

SSP1-2.6 [ Mid-Term 2041-2070 l [ Mean Value (average) ]

[ 100-year Return Period

S

SSP5-8.5 [Long-Term 2071—2100] [Extreme Value 90™ percentile]

[ 500-year Return Period

S

(3 Return Period)

X (2 SSPs) X (2 Time horizons) X (2 percentiles)

TOTAL 24 FUTURE SCENARIOS

Figure 2. Total number of future scenarios analysed.

2.3. Climate Change Coefficients in Watercourse Contributions

The study domain of the Montcada i Reixac WWTP includes five watercourse contri-
butions, which are introduced as inflow discharges at the boundaries of the computational
mesh. This procedure, developed using Iber software 3.4 [36], is consistent with that
adopted in the first study of this research by Flor et al. [7]. Details of the hydrodynamic
modelling process have been presented previously [30], and the same model and param-
eters are used here. In the present work, for each of the 24 future scenarios, discharge
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variations are implemented by multiplying the current values by a Climate Change Coeffi-
cient (CCCQ).

The downscaling of the CGMs carried out within the ICARIA Project produced future
precipitation time series. Based on these data [17], the evolution of Intensity—Duration—
Frequency (IDF) curves was estimated for different combinations of rainfall duration and
return period. By comparing future and current IDF curves, CCCs were derived for each
future scenario. These coefficients quantify the projected variation in precipitation intensity.
All data is published in an open-access format on Zenodo [37].

The methodology [7] estimates domain flow rates using a simplified triangular hy-
drograph, in which the time to peak (Tp) is assumed to be equal to the concentration time
of each catchment (Tc), thus assuming an event duration equal to Tc, as recommended in
a technical report of the Catalan Water Agency [38]. The rainfall-runoff transformation
is calculated using the Rational Method (RM) [39], except for the Besos river, which is
modelled using the Soil Conservation Service (SCS) method. Under the RM framework,
peak discharges are directly proportional to rainfall intensity, allowing Climate Change
Coefficients (CCCs) derived from IDF curves to be applied directly to the flows. While
the RM is less suitable for large catchments like the Besos, as it oversimplifies spatial and
temporal rainfall uniformity, the direct application of CCCs to SCS-derived flows represents
a minor methodological limitation, which is considered a conservative approach. Due to the
linear sensitivity of the RM compared to the non-linear nature of the SCS, this methodology
ensures that the estimated discharge remains on the safe side of design. Consequently,
this provides more conservative peak flow results for the Besos river than a strictly non-
linear recalculation. Figure 3 presents the CCCs corresponding to the multi-model mean
for the long-term situation (2071-2100) for the selected SSP scenarios and return periods
considered in this study.

Climate Change Coefficients for
1.30 Mean Values

1.25 1 10-year Return Period for SSP126
[0 100-year Return Period for SSP126
[0 500-year Return Period for SSP126
[ 10-year Return Period for SSP585
B 100-year Return Period for SSP585

1.20

Climate Change Coefficient (CCC)
N
(8]

1.10
B 500-year Return Period for SSP585
1.05
1.00
0.95
1 2 4 8 16 32 64 128 256 512 1024 2048

Duration (min) ~ Concentration Time

Figure 3. Mean Values of the climate model Climate Change Coefficients (CCCs) derived from the
downscaling for the Metropolitan Area of Barcelona. Representation of the 10-, 100-, and 500-year
return periods for SSP126 and SSP585, as well as 2071-2100. Authors” own elaboration based on the
ICARIA project dataset [37].

Current-condition discharges were obtained from the data repository of the Catalan
Water Agency [40] and are reported in Table 1, together with the concentration time (Tc)
of each catchment within the study domain shown in Figure 1b. Tc is introduced into the
corresponding CCC curves to estimate future discharges for each scenario. As an example,
Figure 4 illustrates the evolution of discharges for the Vallengana stream. The results show
that discharges under SSP126 tend to stabilise for both time horizons, whereas SSP585
indicates substantially larger increases in the long term (2071-2100). This behaviour is
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consistent across all contributions and is more pronounced for catchments with smaller
hydrological areas.

Table 1. Actual flow rate and concentration time of each watercourse contribution in the Montcada i
Reixac simulation domain.

Watercourse Contribution Concentration Time Tc (Min)

Actual Flow Rate (m3/s)

10-Year ! 100-Year ! 500-Year !
Ripoll River 423 min 221.1 561.3 911.2
Besos River 485 min 926.7 2363.3 3754.8
Vall-llosera Stream 34 min 5.7 13.3 20.7
Vallengana Stream 54 min 20.0 54.5 90.9
Sant Cugat Stream 196 min 159.5 366.1 538.9

! Event return period.

Flow rate evolution for Vallencana Stream for mid-term (2041-2070) and long-term (2071-2100) Horizons
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== Extreme value (90" percentile) for SSP585

Figure 4. Flow rate evolution for Vallencana Stream (stream located in the northern area of the plant)
for mid-term and long-term time horizons and for SSP126 and SSP585 climate scenarios.

2.4. Hazard and Impact Assessment: Expected Annual Damage (EAD)

Hazard and exposure are quantified using two hazard-related indicators: the percent-
age of flooded area (%FA) and the average water depth within the flooded area of the
facility (AWD). Post-processing of the simulations was carried out using ArcGIS 3.6 Pro
tools, through an internal notebook and -based workflows (version 3.13), to derive these
indicators from successive calculations for each future scenario.

Similarly, the high-hazard area within the plant was obtained for each of the hazard
criteria considered. Velocity (v) and water depth (y) raster from the map of the maximum
of the simulations were combined to derive the (v-y) parameter required for the application
of the criteria. Two hazard assessment approaches were applied. First, general hazard
(including material damage and risk to people) was evaluated following the definition of
the Spanish Regulation of the Public Hydraulic Domain (RDPH), developed by Témez [23],
which focuses on the risk of overturning or dragging of elements. Second, pedestrian
stability under sliding conditions was assessed using the criterion proposed by Martinez-
Gomariz [22]. The same methodology described for the current-climate scenario for this
case study was applied [30]. In both cases, the evolution of the area classified as a high
hazard was analysed across the different climate scenarios.

Regarding the impact assessment, the methodology developed by Flor et al. [7] for
wastewater treatment facilities in the metropolitan area was applied. The assessment
is based on the use of damage curves specifically developed for different WWTP asset
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typologies in the study area, which relate floodwater depth to a percentage of damage
relative to the total value of the area under analysis. For this case study, the Montcada i
Reixac WWTP is assigned an approximate total value of EUR 57 million [29], distributed
across ten zones. As a novelty of this research, plant data were updated to include a tenth
section corresponding to the expansion works carried out in 2025, with an approximate
value of EUR 10 million, representing more than 17% of the total.

The outputs of the methodology allow the estimation, for each future scenario, of
the percentage of damage in each plant division and the total integrated damage value.
Using these data, the Expected Annual Damage (EAD) [9] for each scenario was calculated.
It should be noted that, for the calculation of future damages (for the 2041-2070 and
2071-2100 horizons), the plant value has not been updated based on the Gross Domestic
Product (GDP) long-term forecast [41] as usual, in order to assess only the increases
associated with climate change.

2.5. Adaptation Measures: Natural Embankment

A nature-based adaptation measure is proposed to completely eliminate flood damage
at the plant associated with future flood events from the Vallencana stream, while main-
taining exposure only to overflow from the Besos River, which occurs for events with a
500-year return period (RP). Understanding that the scope for intervention is limited and
confined to the immediate surroundings of the WWTP, the proposed solution consists of
a vegetated embankment (levee) that enables the development of a small flood retention
basin in the northern part of the plant, allowing controlled discharge to the main Besos
River channel through the existing culvert. The measure is simulated for the most adverse
mean-flow scenario, corresponding to the long-term SSP585 projection, and the resulting
Expected Annual Damage (EAD) is compared with the Business-as-Usual (BAU) scenario.

3. Results
3.1. General Hazard-Related Indicators: Water Depth and Flooded Area

First, the hazard drivers and plant exposure were analysed for each future scenario.
The results for average water depth (AWD) and percentage of flooded area (%FA) are
shown in Figure 5. Differences in flood depths for the 10-year return period (RP) event
are negligible for the purposes of extreme-event assessment and can be considered within
modelling uncertainty. By contrast, significant increases in %FA and AWD are observed
only for the Extreme Values (90th percentile of the models), whereas the Mean Values
show increases consistently below 10% relative to current conditions. It is also noteworthy
that the SSP126 socioeconomic scenario does not yield higher values in the long-term
compared with the mid-term horizon, in line with the behaviour previously observed in
the applied CCCs.

Consistent with the current scenario and as demonstrated in the preceding study [7],
the plant is affected by overflow from the Vallengana stream for flood events with 10- and
100-year return periods (RP). In the 500-year simulation, the Besos River also overtops its
banks, resulting in widespread flooding of the facility. Climate change simulations exhibit
the same general flooding pattern; however, under the BAU 2071-2100 + SSP585 + Ex-
treme Value (90th percentile) combination, the 100-year RP event already leads to flooding
associated with overflow of the Besos River.

3.2. Hazard Assessment Based on RDPH (1) and Pedestrian Stability Criteria (2)

Hazard assessment results (Figure 6) are consistent with the general hazard-related
flood indicators. The SSP126 climate scenario does not show consistent differences between
the mid- and long-term horizons, whereas SSP585 leads to an increase in high-hazard (HH)
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areas in the long term. Uncertainty is substantial, as reflected by the differences between
Mean Values and Extreme Values (90th percentile), with variations of up to 50% in HH area
within the same climate scenario and time horizon. Differences between the hazard criteria
are not significant, although the sliding stability criterion (2) systematically yields slightly

higher values, especially for more frequent events (10-year RP).
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Figure 5. Results for the hazard-related indicators flood area (%FA) and average water depth (AWD)
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Figure 6. Evolution of the % of high-hazard area for plant staff within the Montcada i Reixac WWTP
according to the hazard criteria of Témez (1992) [23] and Martinez-Gomariz (2016) [22], for mid-term
and long-term time horizons under the SSP126 and SSP585 climate scenarios. For the 2071-2100
horizon, the increase is shown relative to current conditions. The solid lines represent the evolution

of the Mean Values, and the dashed lines the trajectories of the Extreme Values.
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Figure 7 presents the pedestrian sliding hazard map (criterion 2), as it yields slightly
higher values than criterion 1, comparing the current scenario for a 500-year RP simulation
with the most adverse future scenario (SSP585, long-term). Relative increases are significant
for the model Mean Values across all climate scenarios; however, the spatial extent of the
hazard does not change substantially in absolute terms. Notably, the eastern sector of the
plant, together with the access routes, remains free of hazard in all cases, allowing its use
for safe staff evacuation during flood events. In contrast, both Figures 6 and 7 highlight
the marked difference between Mean Values and Extreme Values (90th percentile), as the
latter result in hazardous conditions across all internal pedestrian areas of the WWTP. This
contrast underscores the high level of uncertainty in the model outputs, particularly under
the SSP585 scenario.

ACTUAL SCENARIO ; / % SSP585 SCENARIO : /4 SSP585 SCENARIO
500-year Return Period 8 £ 500-year Return Period s 5 ¢ 500-year Return Period

2071-2100 Mean Value > 4 2071-2100 90th percentile

47.89% HH AREA o 53.20% HH AREA S 0e® 69.39% HH AREA

[ ] MEDIUMHAZARD AREA [ | LOW HAZARD AREA

Figure 7. Hazard map based on the sliding criterion (Martinez-Gomariz, 2016 [22]) for flood events
with a 500-year RP. Comparison between current conditions (a) and the most adverse long-term
SSP585 scenario for Mean Values (b) and Extreme Values (c).

The increase in flow rate (AQ) from the Vallencana stream, the main water contribution
responsible for WWTP flooding, has been related to the corresponding increase in HH
area for both hazard criteria (AAgy), relative to current conditions. All future scenarios
exhibit a similar pattern, and both variables can be related, for each return period (RP)
and criterion, through linear functions with R? > 0.9. Accordingly, the increase in HH
area scales with Vallengana flow increase as AApyy = [1.1-3.3] AQ. Comparable results are
obtained when analysing discharge increases in the Besos River. In more detail, Figure 8
presents the results disaggregated by hazard criterion and flood event. This indicates an
amplification of flood hazard relative to the increase in discharge. Consequently, assessing
future impacts based solely on flow changes could lead to an underestimation of the actual
expansion of hazardous conditions.

—@— Hazard Criterion 1. RDPH

—@— Hazard Criterion 2. Sliding

10-year Return Period 100-year Return Period 500-year Return Period

Figure 8. AApy/AQ ratio for the two applied hazard criteria. Relationship derived from the Val-
lencana stream flow data and the Montcada i Reixac WWTP affectation.
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3.3. Damage Assessment Results

Damage across the different sectors of the Montcada i Reixac WWTP has been aggre-
gated to estimate the total damage to the facility for each future scenario. All the results
presented below are derived from the application of damage curves to the facility and do
not correspond to observations from real events. Figure 9 shows the percentage (%) of
damage per event relative to the total value of the WWTP for current conditions and its
evolution under future Business-as-Usual (BAU) scenarios. In addition, the percentage
increase in damage relative to the baseline (actual) scenario is overlaid on the figure.

Montcada i Reixac WWTP damage evolution (% relative to WWTP value) for mid-term (2041-2070) and long-term (2071-2100) horizons
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o
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Figure 9. Total damage evolution (constant 2025 cost levels) in Montcada i Reixac WWTP in %
relative to WWTP total value for mid-term and long-term time horizons and for SSP126 and SSP585
climate scenarios. The solid lines represent the evolution of the Mean Values, and the dashed lines
the trajectories of the Extreme Values.

Total damages in this section (in EUR) are expressed at 2025 cost levels, with no future
cost updating, in order to isolate the increase attributable exclusively to climate change.
Results show that damages remain slightly above 1% of the WWTP value for all future
scenarios, with negligible differences between current conditions and the most adverse
scenario for the 10-year RP events, where damages range between EUR 600,000 and EUR
700,000. For the 100-year RP simulations, damages do not vary substantially between SSP
scenarios, showing increases below 10% for all Mean Damages and slightly above 20% for
the Extreme Damages (90th percentile). In all cases, damages are slightly above 2% of the
plant value (approximately EUR 1 million), except for the most adverse scenario (SSP585,
long-term, 90th percentile), which is the only case in which flooding from the Besos River
affects the facility. In this situation, damage increases exceed 40%, with absolute losses
greater than EUR 1.5 million.

Finally, results for the 500-year RP events exhibit high uncertainty, with highlighted
differences between Mean and Extreme Damages. Under SSP126, Mean Values remain
close to current conditions, with damages around 10% of the plant value (approximately
EUR 5.5 million). Under SSP585, increases of 8% for the mid-term and 18% for the long-
term horizon are observed, corresponding to an additional damage of approximately EUR
1 million in the latter case. Extreme Damages yield substantially higher impacts, reaching
up to 22% of damage (around EUR 12 million) for the mid-term horizon in both scenarios,
and up to 25% of damage for SSP585 in the long-term, representing a x2.5 increase relative
to current conditions and absolute damages of approximately EUR 14 million.

Thanks to the damage assessment methodology based on the segmentation of the
facility, it is possible to spatially localise and analyse damage in greater detail. In general,

https:/ /doi.org/10.3390/su18063074


https://doi.org/10.3390/su18063074

Sustainability 2026, 18, 3074

12 of 20

the northern and north-eastern sectors of the plant experience the most significant damage
for flood events with 10- and 100-year RP, while damage becomes widespread for the
500-year event due to overflow from the Besos River. It is also noteworthy that the plant
extension completed in 2025 (NEW in Figure 10) is located in the most flood-prone area of
the northern sector.

Actual scenario

DAMAGE (%)

relative to

division value
NO DAMAGE
<0.5%
<1.0%
<2.5%
<5.0%

. <10.0%
M <15.0%
B <30.0%
I <45.0%

—— Extreme future conditions

90th percentile 90th percentile 90th percentile
$SP585 for 2071-2100 . SSP585 for 2071-2100 SSP585 for 2071-2100
10-year Return Period 100-year Return Period 500-year Return Period

Figure 10. Damage map expressed as % of the total value of each division for the Montcada i Reixac
WWTP, using the damage curve methodology developed by Flor et al. (2025) [7]. Comparison
between the current scenario and the most adverse future conditions (SSP585, long-term horizon,
90th percentile).

Figure 10 compares the current scenario with the most extreme future conditions
(SSP585, long-term, and 90th percentile). While damage patterns for the 10-year RP are
similar, a significant increase in damage is observed in the northern sections due to overflow
from the Vallengana stream for the 100-year RP simulation. Under future conditions, the
500-year RP event exposes more than half of the plant to damage levels ranging between
30% and 45% of the total value of the affected sections.

The Expected Annual Damage (EAD) results yield values exceeding EUR 400,000
for all scenarios, with increases ranging from 3.5% to 22.5% relative to current conditions
across all future climate scenarios. To complete the EAD representation, zero damage
is assumed at a probability of 1 (1-year RP). Figure 11 presents these results, with the
horizontal axis representing the probability of occurrence on a logarithmic scale. The
model selection (mean or 90th) emerges as the key differentiating factor between the EAD
estimates for the climate scenarios, once again highlighting the uncertainty among climate
models arising from the coefficients applied to the flow rates, particularly for the 500-year
return period events.

3.4. Adaptation Measure Results

Finally, an adaptation measure is proposed to reduce exposure and, consequently, the
Expected Annual Damage (EAD) for the worst mean climate scenario (SSP585, long-term
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horizon, and Mean Values). Due to uncertainty between models across different climate
scenarios, an adaptive measure has been proposed that is capable of addressing the full
range of future scenarios for the Vallenc¢ana stream, including 500-year return period events.
Nevertheless, the primary objective remains focused on events with 100-year RP or less,
which are the only events for which the Vallengana stream is the sole watercourse affecting
the facility.

An embankment has been implemented parallel to the northern boundary of the
WWTP, as shown in Figure 12. This embankment creates a retention basin that captures
flows from the Vallengana stream, even for the 500-year RP event under the analysed future
climate scenario, developing a local flood retention area in the northern sector where the
existing culvert discharges the stream water into the Besos River.

With this measure in place, the plant remains exposed only to flooding from the Besos
River, which has an annual associated probability of 0.002 (500-year RP). As a result, the
EAD for the selected scenario is reduced from EUR 425,028 to EUR 26,489, corresponding

to a 93% reduction, achieved by eliminating exposure to the more frequent 10- and 100-year
return period events, as shown in Figure 13.

Expected Annual Damage (EAD)
Montcada i Reixac WWTP climate scenarios

[ | | Future scenarios Mean Values

[ ]| | Future scenarios 90" percentile

15€
14 ¢
13 €
12 €
11€
10¢€

9¢€

8¢

7¢€

6€

5€

4€

3¢

2¢€

1€

o€ —

0.002

ons

Mill

Total Damage (€)

—

Constant 2025
cost levels

W' 55P585 2071-2100 € 490,781
W' SSP5852041-2070 € 459,262

W' SSP126 2041-2070

"’ SSP126 2071-2100

W 5sPs852071-2100 € 425,028

= ' SsP585 2041-2070 € 419,835

SSP126 2041-2070

/SSP126 2071-2100

0010 T 7 Actual € 400,346 EAD
0.100 D
Probability (1/Tr) 1.000

Figure 11. Expected Annual Damage (EAD) representation of the current scenario and eight future
climate conditions for the Montcada i Reixac WWTP.
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Figure 12. Proposed scenario-specific adaptation measure. Plan view of the vegetated embankment
and the location of the retention basin (a); results for the 500-year RP event of the Vallengana stream
under the SSP585 long-term scenario (models mean), with the retention basin in operation (b); and
cross-sectional profile under peak discharge conditions of the Vallengana stream (c).

Montcada i Reixac WWTP Adaptation Measure efectiveness: EAD reduction
Future Conditions: SSP585 for Long-Term and Mean Damages

NO DAMAGE
For 10-year and 100-year Return Period

FUTURE CONDITIONS BAU

Total Damage (€)
w
(o]

0.010 FUTURE CONDITIONS
Probability (1/Tr)

1.000

Figure 13. Comparison of Expected Annual Damage under future conditions, corresponding to the
SSP585 long-term scenario, with Mean Damages (models mean) between the Business-as-Usual scenario
and the proposed adaptation measure (AM). The horizontal axis is shown on a logarithmic scale.

4. Discussion

The impacts of climate change are altering the behaviour of climatic variables at the
regional scale, modifying precipitation patterns and, consequently, the frequency and
intensity of extreme events in rivers and streams. These changes are expected to generate
significant damage to assets and infrastructures exposed to flood hazard. Sanitation systems
are not exempt from this phenomenon, as wastewater treatment plants (WWTDPs) are
commonly located in low-lying and flood-prone areas, making them particularly vulnerable.
In the Metropolitan Area of Barcelona (AMB), the statistical downscaling of CMIP6 climate
models does not project a significant increase in mean annual precipitation across the
analysed scenarios. However, it does indicate a temporal redistribution of rainfall, with a
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higher concentration in short-duration, high-intensity events, which increases flood risk,
especially in Mediterranean catchments characterised by rapid hydrological response.

Future climate scenarios were defined through the combination of key variables:
Shared Socioeconomic Pathways (SSPs), temporal horizons (mid-term and long-term),
and climate model percentiles, allowing both average conditions (Mean Values) and more
adverse (Extreme Values) situations to be assessed. These variables enable the evaluation
of changes not only in design discharges but also in their direct impact on hazard and
damage metrics at the facility scale. The Montcada i Reixac WWTP was selected as a
representative case study of a typical Mediterranean plant, as it is simultaneously exposed
to a fast-response stream (Vallencana) and a large river (Besos). These characteristics make
it a suitable example for analysing the future behaviour of similar infrastructures located in
complex fluvial and highly urbanised environments.

The results show that the variable generating the largest differences among the anal-
ysed outputs, both in terms of high-hazard area for pedestrians and damage to the facilities,
is the climate model percentile. In all scenarios and time horizons, the outcomes associ-
ated with the 90th percentile are significantly higher than those obtained for the Mean
Values. This highlights the substantial dispersion among climate model projections and,
consequently, the relevance of uncertainty in future impact assessments. In this regard, the
differences between mean and Extreme Values demonstrate how uncertainty in the physical
models (particularly in precipitation) is propagated into the risk assessment models. In
any case, to a greater or lesser extent, all scenarios point to an increase in extreme events,
supporting the need to incorporate adaptation measures.

The comparison between SSPs reveals clearly differentiated trends. Under the SSP126
scenario and considering mean flood events, the projected increase in affecting discharges
between present, mid-term, and long-term horizons is minimal. This behaviour is con-
sistently reflected across all analysed metrics (average water depths within the facility,
percentage of flooded area, high-hazard pedestrian zones, and physical damage), whose
average values tend to remain stable over time for the Montcada i Reixac WWTP. In contrast,
the SSP585 scenario exhibits a generalised increase across all variables, which becomes more
pronounced in the long-term period (2071-2100). These results underline the importance
of socioeconomic and emission assumptions in future risk assessments, particularly for
infrastructures with long operational lifespans.

One limitation of the proposed approach is the direct application of Climate Change
Coefficients (CCCs) to the inflow discharges of the hydrodynamic model. This application
assumes that the discharges were derived using the Rational Method, and therefore that
flow rates are directly proportional to rainfall intensity. While this assumption is appro-
priate for the Vallencana stream and the other ephemeral watercourses within the study
domain, it is less suitable for the Besos River, whose catchment size precludes the original
use of the Rational Method. As a result, the direct application of CCCs may lead to an
overestimation of future discharges in the Besos River.

The evolution of pedestrian hazard shows a particularly sensitive response to increases
in discharge. The results indicate that relatively moderate discharge increments lead to
larger expansions of areas classified as a high hazard for pedestrians. This behaviour arises
from the combined effect of increasing water depths and flow velocities, which significantly
enlarges zones exceeding pedestrian stability thresholds. In the operational context of a
WWTP, this aspect is critical from a safety and emergency management perspective, as it in-
creases potentially inaccessible areas and constrains evacuation routes during flood events.
Specifically, for the Montcada i Reixac WWTP, the results for future scenario combinations
associated with 10- and 100-year return period (RP) floods identify the north-eastern sector
of the facility as a safe area, highlighting this zone as a potential evacuation route. However,
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this route ceases to be safe under extraordinary 500-year RP events, for which progressively
expanding high-hazard areas are identified, eventually leading to widespread hazardous
conditions across the facility in the most extreme scenario combinations.

Flood events associated with more frequent precipitation, such as those with a 10-year
RP, show higher future variability, with Climate Change Coefficients exceeding those
observed for more extreme events. Nevertheless, the absolute damage caused by these
floods does not vary significantly in future scenarios, remaining between 1% and 1.5%
of the total plant value across all simulations. A similar pattern is observed for 100-year
RP floods, with damage ranging between 2% and 2.4%, except for the SSP585 long-term
90th percentile simulation, where overtopping of the Besos River increases damage to
approximately 2.8%. Overall, absolute damage variations for these events remain relatively
limited, indicating that frequent floods are not the main drivers of severe losses.

The largest differences are observed for extraordinary floods with a 500-year RP. In
these events, the Besos River overtops in all analysed scenarios and periods, inundating
most of the facility. The associated Climate Change Coefficients (CCC) are relatively small,
due both to the large size of the Besos catchment (with long concentration times) and to the
exceptional nature of these events. Nevertheless, absolute damage increases substantially
under the SSP585 scenario. Mean Damages exceed 12% and 14% in the mid-term and
long-term periods, respectively, while 90th percentile damages reach 22% and 24% of the
total plant value. These results demonstrate that, for extreme events, even modest discharge
increases can translate into very significant rises in absolute damage.

Overall, the results reveal a high degree of uncertainty in future impact projections,
particularly for long-term horizons and 500-year RP events. The research highlights that
increases in stream flows generate larger increases in hazard. In particular, projected
increases in discharge lead to large expansions of high-hazard areas (between 1.1 and
3.3 times greater) and to a generalised increase in damage, especially for extraordinary
floods (500-year RP). Although the analysis focuses on a single facility, the observed
patterns allow for broader conclusions that are applicable to other WWTPs located in
similar hydrological and climatic settings.

The analysed future scenarios show limited differences in Expected Annual Damage
(EAD), as the most significant increases in damage are concentrated in low-probability
flood events (500-year RP), which have a minor effect on the aggregated EAD. Flood
adaptation measures are inherently site-specific and must be designed for each individual
infrastructure. At the Montcada i Reixac WWTP, the available intervention area is limited,
and the proposed strategy focuses on achieving zero exposure to the Vallengana stream,
which is the main contributor to damage for lower return period events.

Although the facility remains exposed to extreme floods (500-year RP) driven by the
Besos River, the proposed measures reduce the EAD by 93% by directly addressing the
most frequent events. For the 500-year return period flood of the Besos River, the plant is
inundated similarly to past events, but the retention basin reduces the overall flood extent.
Some water flows through the culvert in the reverse direction, slightly entering the basin,
but it never reaches full capacity and does not overtop. As a result, water drains naturally
through the same culvert once the river flows recede. This measure has been proposed
as a nature-based solution, promoting sustainability and allowing for potential synergies
and alternative uses during non-flood periods, such as natural waste stabilisation ponds in
wastewater treatment or as a natural area and biodiversity space.

This type of analysis is essential for the development of climate change adaptation
plans in urban water utilities. The integration of climate projections, detailed hydraulic
modelling, and damage assessment enables the prioritisation of interventions, optimisation
of resources, and enhancement of the resilience of critical infrastructures. In a context of
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increasing climatic uncertainty, tools that allow both hazard and damage to be quantified
under multiple scenarios are relevant to informed decision-making and to ensuring long-
term service continuity.

5. Conclusions

Climate change is expected to modify precipitation patterns in the Mediterranean
region, with a higher concentration of short-duration, high-intensity rainfall events. In
the Metropolitan Area of Barcelona, this shift directly affects flood-generating processes in
rivers and ephemeral streams, increasing pressure on wastewater treatment plants, which
are typically located in low-lying and hydrologically sensitive areas. These infrastruc-
tures are therefore particularly exposed to climate-driven changes in flood hazard, with
implications for operational safety, service continuity, and economic losses.

The results for the Montcada i Reixac wastewater treatment plant show that future
impacts strongly depend on the selected climate scenario and, in particular, on the percentile
of the climate models. Under SSP126, changes in flooded area, high-hazard areas, and
tangible damage at the plant do not increase significantly, especially when considering the
model Mean models values. In contrast, SSP585 leads to systematic increases in hazard
and damage, particularly for long-term (2071-2100) projections and extraordinary events
(500-year RP). In all cases, uncertainty associated with climate projections emerges as a
dominant factor in the results; therefore, the proposed sustainable adaptation measure
aims to address the full range of possible outcomes.

These findings demonstrate the value of combining climate projections, hydraulic
modelling, and damage assessment to support adaptation planning in urban water util-
ities. The application of Climate Change Coefficients to the initial variables in flood risk
assessments can be fully transferred to other territorial risk assessments that use the same
types of input data, such as flows or precipitation, as boundary conditions. Quantifying
future hazard and damage enables the prioritisation of interventions and the evaluation
of adaptation effectiveness under climate uncertainty. Framed within the broader climate
change adaptation strategy of Aigiies de Barcelona for the integrated water cycle, the
proposed nature-based solution shows that targeted, site-specific measures can substan-
tially reduce risk, providing actionable evidence to inform climate adaptation strategies
for wastewater infrastructure. Future work should extend this approach by exploring
additional adaptation measures addressing other climate-related hazards affecting water
utility infrastructure, thereby supporting a more comprehensive resilience strategy across
the urban water cycle.
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AMB Metropolitan Area of Barcelona

GCMs Global Climate Models
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WWTPs Wastewater Treatment Plants

RP Return Period
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