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ABSTRACT

Stormwater management is essential to reducing the occurrence of flooding events in urban areas
and to adapting to climate change. The construction of stormwater Best Management Practices
(BMPs) entails a series of life cycle environmental impacts but also implies avoided burdens, such
as replacing urban infrastructure after flooding. The aim of this paper is to integrate flood damage
prevention into the life cycle assessment (LCA) of BMPs for quantifying their net environmental
impact (NEI) and environmental payback (EP) from a consequential LCA standpoint. As a case
study, the application of a filter, swale and infiltration trench (FST) in a Brazilian neighborhood
was assessed considering a high-intensity rainfall event. The potential avoided impacts were
related to cars and sidewalks that were not destroyed due to flooding. In terms of CO2eq. emissions,
the environmental investment related to the FST was recovered when the destruction of one car or
84 m? of sidewalk was prevented. The NEI of the FSTs resulted in significant impact reductions
(up to 700%) with respect to not accounting for the avoided products. This approach can be
implemented to any type of BMP, and more accurate estimations can be made with data for

different events and different types of material damage.
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1. INTRODUCTION

Flood risk management is crucial in several parts of the world. From 1960 to 2014, flooding events
accounted for 34% of the natural disasters registered worldwide (17 floods/year), representing
more than 2.5 billion USD/year in terms of monetary damage and 1,254 deaths/year (Guha-Sapir
et al., 2009). Currently, 53% of the world’s population lives in urban areas (The World Bank,
2016), a figure that is expected to increase to 70% by 2020 (UN, 2012), implying an increasing
demand for new construction and infrastructure, and decreasing the proportion of permeable areas
and sometimes improper land-use planning (Jha et al., 2012). Combined with a forecasted increase
in the precipitation intensity, this increase would result in a greater risk of potential flooding
events, especially in mid and high latitudes (Meehl et al., 2007). Most of the major flooding events

that have been recorded occur in highly populated urban areas (Jha et al., 2011).

Therefore, there is a need for proper stormwater management practices in cities to reduce the
occurrence and consequences of these events. To do so, stormwater Best Management Practices
(BMPs) are commonly used and at present are usually classified into gray and green infrastructure
BMPs. Gray infrastructure BMPs are traditional drainage strategies (e.g., sewers or detention
tanks), whereas green infrastructure BMPs provide ecosystem services, such as aquifer recharge
or environmental restoration (European Commission, 2013). Examples of green BMPs include
decentralized systems, such as green roofs, permeable pavements, bio-retention basins and

rainwater harvesting systems, among others.

In the context of Low-Impact Development (LID), these techniques are based on the premise that
stormwater management should not be envisioned as stormwater disposal. Implementing source-
control BMPs might result in a reduction of the flooding risk, given that these systems can
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effectively reduce the runoff volume (Lee et al., 2013; Mentens et al., 2006; Zahmatkesh et al.,
2015). Another benefit is the effect on the runoff quality. Especially green infrastructure BMPs
have the potential to retain and filtrate runoff pollutants, such as heavy metals, hydrocarbons,
nutrients or suspended solids (Deletic and Fletcher, 2006; Dierkes et al., 2002; Llopart-Mascard et
al., 2015). This performance depends on the type of drainage system, soil characteristics and slope

(Czemiel Berndtsson, 2010), among other factors.

However, the construction of these infrastructures also entails a series of environmental impacts,
such as greenhouse gas (GHG) emissions or resource depletion. To address this issue, life cycle
assessment (LCA) offers a method for calculating and discussing the environmental burdens that
are associated with the life cycle stages of a product or system, i.e., from raw material extraction
to end-of-life (ISO 14040:2006). Several analyses have been conducted to calculate the life cycle
impacts of different BMPs, such as green roofs (Kosareo and Ries, 2007; Saiz et al., 2006), bio-
infiltration basins (Flynn and Traver, 2013), constructed wetlands (Risch et al., 2014), rainwater
harvesting systems (Angrill et al., 2016; Devkota et al., 2015) or a combination of BMPs (De
Sousa et al., 2012). These analyses mainly focus on determining the contribution of the materials
and energy to the total environmental impacts of the system (i.e., attributional LCA; ALCA), as

well as potential positive effects, such as carbon sequestration.

The construction of BMPs has broader consequences on the market and the society that could be
assessed using consequential LCA (CLCA) (the relationship between ALCA and CLCA is
presented in Section 2.1). Given that a reduction in the runoff volume results in less water being
treated, some studies assessed the avoided impacts of wastewater treatment plants (WWTP)

(Catalano De Sousa et al., 2011; Spatari et al., 2011; Wang and Zimmerman, 2015). In another



study, Wang et al. (2013) calculated the economic and environmental impacts related to reducing
the eutrophication for different BMP combinations, such as bio-retention basins or separate
stormwater networks. Nevertheless, the lack of studies that include CLCA in the assessment of
BMPs hinders the effects of BMP implementation at an urban scale and from a life cycle
perspective. Implementing a certain type of BMP for preventing urban flooding might also prevent
the destruction of goods that would otherwise need to be replaced. In such scenario, the impacts
associated with the production of the affected goods would be avoided (e.g., urban infrastructure,
buildings, etc.). However, given that a previous environmental investment was made to produce
the BMP, the net balance between impacts and benefits should be determined. This approach was
already applied considering the net environmental impact (NEI) as the difference between the
avoided and induced eutrophication potential in WWTPs (Lorenzo-Toja et al., 2015), and in the
damage evolution resulting from post-disaster emergency actions implemented in ephemeral

streams after flooding (Petit-Boix et al., 2016).

Additionally, the NEI might vary depending on the type of BMP and the area of application. This
analysis is especially interesting in flood-sensitive countries. A particular study area could be
Brazil, where there are great variations between social strata and urban densities, a fact that might
influence the space that is available for constructing a BMP. In this country, floods account for
60% of the total natural disasters and an average of 200 million USD in terms of damage (Guha-
Sapir et al., 2009). Additionally, the number of flooding events has generally increased over time
(Guha-Sapir et al., 2009) and may increase in the future because of climate change. Given a certain
urban density, the implementation of a BMP could be analyzed in a Brazilian neighborhood. In
this paper, the BMP that was selected for a first case study analysis was a filter, swale and

infiltration trench (FST) that had been previously constructed in a Brazilian city for experimental



purposes. The specific design features and storage capacity of this BMP were thoroughly analyzed
in previous studies (Lucas, 2011; Lucas et al., 2013), and it was thus applied to this first assessment

of flood damage prevention.

Our goal was to integrate flood damage into the LCA of stormwater Best Management Practices
(BMP) for quantifying the net environmental impact (NEI) and environmental payback (EP) from
a consequential LCA (CLCA) perspective. To achieve this aim, we based this analysis on a case
study BMP. The specific objectives were (1) to define the steps involved in the calculation of the
EP and NEI of a BMP; (2) to calculate the EP and NEI of an FST with respect to the material
losses, considering the implementation of this system in Brazil; (3) to discuss the environmental

implications of this approach in the field of flood prevention.

2. MATERIALS AND METHODS

2.1 Consequential life cycle assessment (CLCA)

Consequential modeling is defined as “a system modeling approach in which activities in a product
system are linked so that activities are included in the product system to the extent that they are
expected to change as a consequence of a change in demand for the functional unit” (Sonnemann
and Vigon, 2011). In this sense, CLCA offers a causal explanation for the consequences of future
actions (Weidema et al., 2009) and attempts to forecast in the short or long term the environmental
impacts of decisions that are made in the present (e.g., implementing a BMP). This broader
analysis is not provided by ALCA, which assesses the environmental status of a product system
as an account of the history of the product (ISO 14040:2006), and does not include processes

outside the product’s immediate system boundaries (Earles and Halog, 2011). The ALCA



approach analyzes the entire life cycle of a selected system but does not account for the processes
that are directly or indirectly affected by the existence of this system. In contrast, the CLCA
approach integrates market mechanisms into environmental modeling, which is often associated
with inconsistency because LCA practitioners deal with different assumptions in their studies, such
as the definition of the system boundaries (Zamagni et al., 2012). However, CLCA might help to
determine certain beneficial outcomes related to the system under analysis, and to inform policy-
makers on the indirect environmental implications of a system (Sanchez et al., 2012; Vazquez-

Rowe et al., 2014).

The consequences of flooding vary greatly depending on their type (e.g., flash floods, coastal
floods, and urban floods), location and extent of flooding, and vulnerability and value of the
affected natural and constructed environment. For example, in the same area flooding events might
lead to different consequences over time because of the types of built infrastructure (e.g.,
conventional or prevention-oriented). The impacts of flooding may include damage to properties
(e.g., buildings, vehicles, roads, and public utilities), the environment (e.g., livestock or crops) and
the society (e.g., casualties, damage to cultural heritage, etc.). From a CLCA system perspective,
modeling should include all processes that are expected to be affected by a decision, regardless of
whether they are part of the existing supply chain or not (Wolf and Ekvall, 2011). In this study,
the decision of implementing BMPs for flood prevention may contribute to diminish its effects or
damage. Modeling these consequences may become a very complicated and uncertain task due to
the variety and unpredictability of flooding consequences and the effect of flood protection
infrastructures. This is not the purpose of this analysis. This study is an attempt to highlight the
potential environmental benefits related to flood prevention by including possible processes

affected beyond the system evaluated (i.e., BMPs) in accordance with CLCA approaches. The



study aspires to contribute to the flood prevention and planning debate, as strategies that decrease

damage might result in important environmental savings that are currently not captured.

In our study, the effects of implementing a BMP on the market were assessed by considering a
decrease in the demand for two properties (i.e., cars and sidewalks) which are generally damaged
during flooding events. Both products could be representative of possible damages resulting from
any type of flood and region. In this case, it is interesting to determine the trade-offs between the
construction of a BMP and the material losses, assuming that these would be reconstructed after

an event (Figure 1).

2.2 Steps for calculating the environmental payback (EP) and net environmental impact

(NEI) of a BMP

This section describes the steps considered for estimating the EP and NEI of implementing a BMP
for flood prevention (Figure 1).

<Figure 1>

Step 1 Characterization of the area and the flooding event: The main features of the study area
must be collected, e.g., total area, topography, superficial and underground installations, building
types and average rainfall patterns. Depending on the analyzed time period, data on a particular
flooding event or a series of flooding events producing damage are needed. These data include
hydrological indicators, such as rainfall intensity, duration and frequency; concentration time,
water level height of rivers and reservoirs; and material losses, such as the number of cars, area of
sidewalks or number of affected buildings (i.e., building structure and contents).

Step 2 Selection of the stormwater BMP: The selection of a suitable BMP for a specific area
depends on different parameters, such as the features of the study area (Step 1), space and
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infiltration requirements, need for pollutant removal, land use, safety and maintenance needs
(UDFCD, 2011).

Step 3 Quantification of the number of BMPs: The number of BMPs required to prevent the
flooding events defined in Step 1 can be estimated as (1) the number of BMPs that could collect
the total volume of stormwater, or (2) the number of BMPs that could be implemented in the area
according to the space requirements. Based on hydrological parameters and a similar stormwater
storage potential, the option that results in fewer BMPs is recommended. When a combination of
different types of BMPs is implemented, the number of systems could be estimated through option
(1), and a series of scenarios could be assessed with a varying amount of each type of BMP.

Step 4 Calculation of the environmental impacts of the BMP and avoided products: The LCA
of the BMP and the avoided products is conducted based on the steps defined by ISO 14040:2006
(e.g., goal and scope definition, inventory analysis, impact assessment and interpretation). It
should consider the site-specific features of the products, such as design, electricity mix, lifespan,
etc.

Given that the system boundaries of this study include different elements, defining a functional
unit (FU) is not straightforward (Zamagni et al., 2012). In this case, the FU could be the
implementation of one or a set of BMPs, with a certain lifespan, for preventing a flooding event
and its associated material damage, given a rainfall intensity of X mm/h. If the environmental
impacts of the avoided damage are assessed from an LCA standpoint, the particular impacts of
each element can be related to the production of a unit of urban infrastructure (avoided product),
whose destruction can be prevented by implementing a BMP. The FU should be adapted to the

period of analysis, number of flooding events and rainfall intensity assessed, because the prevented



damage is not a fixed parameter, but varies depending on the event(s) and features defined in Step
1.

Step 5 Calculation of the EP: After conducting the LCA, it is interesting to know when the
environmental investment made during the implementation of the BMP might be recovered. To do
so, the ratio between the impacts of one BMP and one unit of avoided product can be calculated.
The results show the product units that should be prevented through the lifespan of the BMP to
recover the environmental investment.

Step 6 Calculation of the NEI: The net balance per flooding event can be determined applying
Equation 1. For comparing different types of BMP, the total NEI per event could be expressed in

terms of NEI per cubic meter of stormwater, for instance.

Equation 1:

NEI A Impacty, . ~
event LxF

n
Z (X * Impact,)

i=1
where NEI: net environmental impact for a given impact indicator; A: number of BMPs
implemented with a certain storage capacity; Impactemp: environmental impacts of the BMP under
assessment; L: lifespan of the BMP (years); F: average annual flooding events; i: type of avoided
product (e.g., car, sidewalk, building, etc.); X: units of avoided product per event; and Impact;:
environmental impact of the avoided product.
2.3 Case study: implementation of an FST in Sao Carlos (Brazil)

The steps presented in Section 2.2 were applied to estimate the EP and NEI of a BMP in Sdo
Carlos (Brazil).

2.3.1 Step 1 Characterization of the area and the flooding event
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Sao Carlos is located in the State of Sdo Paulo (Supporting Information S1 and S2) and presents
a humid Subtropical climate with an annual average rainfall of 1500 mm (INMET, 2014). In Sao
Carlos, it rained 111 days every year from 2005 to 2014 on average, and the average daily rainfall
during these events was 13.4 mm (INMET, 2014), with a maximum in 118 mm (Supporting
Information S3). On average, Sao Carlos experiences three heavy rainfall events every year that
result in a flood and damage to the environment (Supporting Information S4). The built
environment is typically affected by the destruction of roads, sidewalks, roofs, walls, public
utilities and vehicles. In Sao Carlos, there are also records of injuries, deaths and destruction of

homes after flooding (IPMet, 2014).

For the purpose of this assessment, data from one of the flooding events presented in Supporting
Information S3 were applied. To assess an extreme event with high-intensity rainfall (>30 mm/h
- FLOODsite (2008)) that produced damage, data from October 22, 2013 were analyzed. During
this event, 50 mm of rainfall were recorded in 15 min (200 mm/h), resulting in the destruction of
6 cars and 50 sidewalk stretches with an average area of 3 m? each (IPMet, 2014). These data were
retrieved from the Natural Disaster Database of the Institute of Meteorological Research (IPMet,
2014), which is responsible for recording disaster damage in Brazil. Given the difficulties in data
gathering, very little information exists on the volume of losses, although the type of damage is
reported. As a result, the estimation of the NEI and EP only focused on this specific flooding event,

for which data were available, with the purpose of exemplifying the application of this approach.

2.3.2 Step 2 Selection of the stormwater BMP
To reduce the number of floods and their consequences, a pilot green stormwater BMP was built
in 2009 on the campus of the Federal University of Sdo Carlos (UFSCar). In this case, the BMP

was an FST that occupied 600 m? and had a maximum storage capacity of 110 m?, considering the

11



saturation of the subsurface soil layer (for additional information, see Lucas (2011), Lucas et al.
(2013) and Petit-Boix et al. (2015)). The technical requirements of the infiltration trenches are
described in Baptista et al. (2005). As technical and design data of this system exist, we evaluated
the hypothetical construction of a set of FSTs in a neighborhood. Sao Carlos has high- and low-
density neighborhoods, and in this case, we selected the residential neighborhood Damha I (RDI)
because (1) it could benefit from a decentralized, green stormwater management as an alternative
to combined sewers, and (2) this area can host FSTs given the space requirements, as it is a low-
density neighborhood. RDI covers an area of 420,000 m? and consists of single-house blocks with

green plots that could potentially host an FST.

2.3.3 Step 3 Quantification of the number of BMPs
Assuming a homogeneous rainfall distribution in Sdo Carlos, the RDI would have received 21,000
m?® of stormwater during the selected flooding event. Considering the maximum storage capacity
of the FST (110 m?), the RDI would require 190 FSTs. Nevertheless, there were a total of 107,000
m? worth of plots that could be used to infiltrate stormwater (Google Maps, 2015) considering
gardens, abandoned green areas and plots. Given the minimum size of an FST (600 m?) and the
dimensions of each individual plot (plots smaller than 600 m* were excluded), set up resulted in
the potential to construct 179 FSTs, which is more than 90% of the requirements of the area for
that high-intensity rainfall event. In this case, 179 FSTs were accounted for in the analysis
considering a homogeneous soil composition, and we assumed that they would prevent the
material damage in the area.

2.3.4 Steps 4 -6 Calculation of the environmental impacts, EP and NEI
This step is based on the LCA methodology and is divided into the steps described in ISO

14040:2006.
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Goal and scope definition: Our specific goal was to determine the NEI and EP of implementing
FSTs in RDI for flood prevention purposes. The FU considered was the implementation of 179
FSTs with a lifespan of 10 years for preventing a flooding event and its associated damage given
a rainfall intensity of 200 mm/h in a low-density neighborhood in Sao Carlos. We calculated the
environmental impacts of producing one car and one m? of sidewalk (0.2x1x1 m), whose
destruction is prevented by the implementation of the FSTs. For the purpose of the assessment, 6
cars and 150 m? of sidewalk were considered given the data provided by INMET (2014). The

system boundaries are shown in Figure 2.

<Figure 2>

Inventory analysis: To account for the material and energy flows related to the life cycle of a
product, a life cycle inventory (LCI) was compiled. First, the FST was assessed from cradle to
grave, i.e., from the raw material extraction to the end-of-life (Figure 2). In this case, the operation
phase accounted for the carbon sequestration potential. Maintenance was excluded because it was
considered negligible according to the managers and was linked to the end of service life of the
FST based on a previous study (Petit-Boix et al., 2015). We assumed that the system had an
average lifespan of 10 years due to maintenance factors (USDT, 2014), although this value might

vary depending on the management practices, runoff quality and precipitation intensity.

Second, LCIs were composed for the avoided products. In this particular case, cars and sidewalks
were the damaged goods. For the environmental assessment of a compact car, we applied an LCI
that combined data from different companies (Hawkins et al., 2013). Assuming that a car would
be used regardless of being newly produced after the flood or being unharmed, the fuel
consumption was not accounted for because these impacts would not be avoided. The estimated
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lifespan of the car was 10 years of on-road duration (Schweimer and Levin, 2000). Regarding
sidewalks, we adapted the design that was presented in a previous study for one m? of concrete
sidewalks with an average lifespan of 45 years (Mendoza et al., 2012). In both cases, the end-of-
life was included, given that the damaged products must be disposed of after the flooding event.
All of the production processes that were included in the LCI were adapted with the marginal
electricity mix for Brazil (Schmidt and Thrane, 2009), which is the most competitive technology
that would be used in the production of one extra unit of product. The ecoinvent 2.2 (Frischknecht
et al., 2005) database was used for retrieving background data on the life cycle of the materials
and processes involved in each system. For data on the LCls, see Supporting Information S5. In
this first analysis, the impacts on land use change were not accounted for because this was already
an artificialized area, and we considered that the new system provided a greater carbon

sequestration potential.

Impact assessment: Of all of the stages that are included in the impact assessment stage (ISO
14040:2006, n.d.), only the classification and characterization were considered. Using the SimaPro
8.0.4 (PR¢ Consultants, 2010) software, the method that was applied was the hierarchical approach
of ReCiPe 2008 (Goedkoop et al., 2009). The selected midpoint indicators were Climate Change
(CC, kg CO2 eq.), Ozone Depletion Potential (ODP, kg CFC-11 eq.), Terrestrial Acidification
Potential (TAP, kg SO eq.), Freshwater Eutrophication Potential (FEP, kg P eq.), Marine
Eutrophication Potential (MEP, kg N eq.), Human Toxicity Potential (HTP, kg 1,4-DB eq.),
Photochemical Oxidant Formation Potential (PCOP, kg NMVOC), Water Depletion Potential
(WDP, m*), Metal Depletion Potential (MDP, kg Fe eq.) and Fossil Depletion Potential (FDP, kg
oil eq.). The Cumulative Energy Demand V1.08 (CED, MJ) was also included to evaluate energy

issues (Hischier et al., 2010).
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Interpretation: The main contributors to the impacts of the FST, car and sidewalk were analyzed.
The overall results were assessed using the EP and NEI to determine the balance between the

investment and avoided impacts.

3. RESULTS

Table 1 shows the environmental impacts of the FST and damaged products (i.e., car and sidewalk)
for their respective lifespan. There were different processes that especially contributed to the
burdens of each of these elements. In the case of the FST, the diesel that was consumed by the
machinery accounted for 20-60% of the impacts in most of the impact categories, and the
contribution of the infiltration trench was significant in 5 of 11 indicators (up to 80% of the life
cycle impacts) (Supporting Information S6). With respect to the car, steel accounted for a great
share of the impacts, given that it represented 65% of the production materials in terms of mass.
Copper also had an important contribution to HTP (>70%) because of its manufacturing process.
Regarding the selected sidewalk design, the concrete base and transport were the major concerns,

each accounting for between 20 and 60% of the impacts.

<Table 1>

Applying the calculation procedure that is presented in Step 5 (Section 2.2), the EP of an FST was
estimated. In terms of kg of CO: eq., the environmental investment related to the FST was
recovered when the destruction of one car was prevented in 10 years. Considering that an average
of three events occur every year, the potential emission of 6.4E+03 kg of CO2 eq. can be quickly
compensated. The equivalent approach for sidewalks resulted in 84 m?. The impact category with

the largest EP is MEP, resulting from the fertilizers required to produce the grass sod that was
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planted in the FSTs. In this case, the impacts were recovered when 15 cars and 1761 m? of sidewalk

were not destroyed.

Furthermore, results related to the NEI of the FSTs implemented to the case study neighborhood
are shown in Table 2, as calculated according to Step 6. The impacts of the FSTs without
accounting for the avoided burdens (A) and applying the NEI (B) were compared. The percentage
reduction of the impact of the BMP per event varied in each impact category depending on their
EP. Nonetheless, there were remarkable changes when calculating the NEI. For instance, the HTP
could be reduced by almost 700% with respect to A given that the production of the metal parts of
the car would be avoided. In contrast, there was an 8% reduction in MEP because this indicator

had the lowest EP.

<Table 2>

4. DISCUSSION
This first analysis showed an example of integrating damage prevention into the CLCA of a BMP.
Uncertainty is relevant in CLCA and the number of effects that result from a decision might be
incommensurable. In this case, we focused on the positive side of BMPs in the framework of flood
prevention. However, there might be associated negative impacts, such as the creation of marginal
demand for energy, fertilizers, mining, etc. related to the added pressure of producing FSTs. No
further effects were accounted for, except for the marginal electricity generation, which resulted

in very small variations in the environmental impacts (less than 1%).

Only data related to a single event could be applied as a first step towards more complex studies

at the watershed or city scale. Obtaining this type of data presents great difficulties, especially in
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the case of private property damage, as only when there is an insurance coverage, for instance, will
the damage be reported. This means that the number of damaged products might be typically
greater than that found in databases or official reports. Damage to buildings would be expected,
especially in basements and electric and gas connections (U.S. Department of Commerce
Economics and Statistics Administration Economist, 2013). However, there is a lack of studies
that assess the environmental effects of material damage prevention and our results could not be
validated. Recent models integrated hydraulic features and damage functions (Chen et al., 2016),
and the difficulties in damage modeling were presented. The comparison between damage
estimates and national expenditures also highlights great errors related to inaccurate estimations
(Downton and Pielke, 2005). Uncertainty analyses might shed light to potential drivers for these
errors, but we do not have sufficient high-quality data that could be applied to this type of
assessment without adding more uncertainty to the results. Therefore, this first approach should be
combined with robust predictive models in order to provide more information about the NEI of

these systems.

Nevertheless, modeling consequences was out of the scope of this study. We illustrate how the
environmental assessment of damage might provide more information about the benefits of green
BMPs at a local scale. So far, the European Flood Directive (European Council, 2007) has resulted
in policies that tend to promote non-structural strategies such as land use regulations. In this sense,
investing in BMPs might not be attractive in certain areas, but decisions might change when further
effects are considered. Here, we did not include an economic assessment because our goal was to
highlight the environmental relevance of these decisions. However, the economic and

environmental payback of these actions should be considered in future analyses.
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The outcome of this approach might be of interest in the field of communication and policy-
making. We believe that urban planners, the administration and insurance companies might benefit
from these results because they provide information about indirect consequences that might have
a large impact on the society. For instance, managing green areas in low-density neighborhoods
might be key to approaching a more sustainable urban model. The design of the FST could vary
depending on the plot dimensions so as not to affect aesthetics and other functionalities, such as
leisure or private use. Moreover, the design should comply with the technical requirements to
prevent soil compaction and ensure the proper infiltration of stormwater. In addition, this multi-
functional approach would also foster biodiversity and prevent a reduction in the ecological

connectivity of the area.

5. CONCLUSIONS
This analysis provided a first insight into the environmental effects of integrating flood damage
prevention into the LCA of BMPs. Our first example was based on a Brazilian residential
neighborhood. The environmental payback of an FST was related to the prevention of at least one
car or 84 m? of sidewalk during 10 years, which is a short payback time considering the frequency
of flooding events in the area. Subtracting the material damage of a historic flooding event to the
potential environmental investment made for implementing a set of FSTs resulted in a net positive
performance of these systems. The most favorable impact category was the HTP, as a gross

estimate showed an impact reduction of almost 700%.

Nevertheless, there are limitations in this analysis. When addressing this hydrological
phenomenon, a risk assessment is needed to determine the frequency of this type of flooding event.

Return periods, maximum water flows and population exposure, among other parameters, should
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be determined in a regional case study and included in the proposed methodology. In this way, the
potential effect of the BMP on the water flow can be identified. Additional data are required
regarding the material losses of the events. In this case, only a hypothetical analysis could be
presented with data from a single flooding event with damage, but a statistical analysis would
provide a more accurate idea in an attempt to generalize. However, it is currently very difficult to

find registers for damage in specific locations and to predict future damage.

Future research should couple the economic value of the predicted material and ecological damage,
risk assessment models and the environmental impacts of the BMPs. Hence, this approach would
be of great interest to insurance companies and governments for the planning and reduction of
their financial budget. Combined with the environmental implications of these events, decision-

makers and urban planners would be provided with more data for managing flooding risks.
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Table 1 Unitary impacts of the FST, car and sidewalk and environmental payback of the FST

Total unitary impacts Environmental
payback (EP)
. Ratio
. 1 m? Ratio
Impact category Units 1 FST 1 car sidewalk | FST-car F ST- m?
sidewalk
CC Climate Change kg CO; eq. 6.4E+03  59E+03  7.6E+01 1.1 84
ODP  Ozone Depletion Potential kg CFC-11eq. 9.0E-04 5.7E-04 6.4E-06 1.6 142
TAP  Terrestrial Acidification Potential kg SO, eq. 1.9E+02  2.9E+01  2.3E-01 6.5 824
FEP Freshwater Eutrophication Potential kg P eq. 1.7E+00  6.0E+00  4.4E-03 0.3 385
MEP  Marine Eutrophication Potential kg N eq. 2.2E+01  1.5E+00  1.3E-02 15 1,761
HTP  Human Toxicity Potential kg 1,4-DB eq. 1.6E+03  1.1E+04  6.2E+00 0.1 259
pcop  photochemical Oxidant Formation o Nvvoc 57401 L7EH01 36B-01 | 33 160
WDP  Water Depletion Potential m’ 1.7E+02  6.7E+01  9.5E-01 2.5 176
MDP  Metal Depletion Potential kg Fe eq. 1.8E+03  5.0E+03  1.8E+00 0.4 1,006
FDP  Fossil Depletion Potential kg oil eq. 24E+03  1.7E+03  1.5E+01 1.4 159
CED  Cumulative Energy Demand MJ 32E+05 1.0E+05  7.5E+02 3.2 427

Table 2 NEI per event of the implementation of FSTs in RDI, considering 179 FSTs, 6 cars, 150

m? of sidewalk and an average of 3 intense flooding events per year.

A B
Impacts of
Impact category Units FSTs per NEL of FSTs Reduction
per event
event

CcC Climate Change kg CO; eq. 3.8E+04 -8.8E+03 123%
ODP  Ozone Depletion Potential kg CFC-11 eq. 5.4E-03 9.9E-04 82%
TAP  Terrestrial Acidification Potential kg SO, eq. 1.1E+03 9.2E+02 19%
FEP Freshwater Eutrophication Potential kg P eq. 1.0E+01 -2.7E+01 365%
MEP  Marine Eutrophication Potential kg N eq. 1.3E+02 1.2E+02 8%
HTP  Human Toxicity Potential kg 1,4-DB eq. 9.5E+03 -5.7E+04 697%
PCOP  Photochemical Oxidant Formation Potential kg NMVOC 3.4E+02 1.8E+02 46%
WDP  Water Depletion Potential m? 1.0E+03 4.5E+02 55%
MDP  Metal Depletion Potential kg Fe eq. 1.1E+04 -2.0E+04 283%
FDP  Fossil Depletion Potential kg oil eq. 1.4E+04 1.5E+03 90%
CED  Cumulative Energy Demand MJ 1.9E+06 1.2E+06 38%
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Figure 1 Consequencesof implementing BMPs for flood prevention and integration into the CLCA framework and steps for

calculating the EP and NEI
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Figure 2 System boundaries of the systems under analysis: FST, car and sidewalk





