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Abstract

Green-blue infrastructures in urban spaces offer several co-benefits besides flood risk reduction, such
as water savings, energy savings due to less cooling usage, air quality improvement and carbon
sequestration. Traditionally, these co-benefits were not included in decision making processes for
flood risk management. In this work we present a method to introduce the monetary analysis of these
co-benefits into a cost-benefits analysis of flood risk mitigation measures. This approach was applied
to a case study, comparing costs and benefits with and without co-benefits. Different intervention
strategies were considered, using green, blue and grey measures and combinations of them. The
results obtained illustrate the importance of assessing co-benefits when identifying best adaptation
strategies to improve urban flood risk management. Otherwise green infrastructure is likely to appear
inferior than more conventional grey infrastructure. Moreover, a mix of green, blue and grey
infrastructures is likely to result in the best adaptation strategy as these three alternatives tend to
complement each other. Grey infrastructure has good performance at reducing the risk of flooding,
whilst green infrastructure brings in multiple additional benefits that grey infrastructure cannot offer.

Keywords: sustainable urban drainage; green-blue-grey infrastructure; flood risk management; co-
benefits; decision making; cost-benefits analysis.

1- Introduction

Currently, most people in the world live in cities and urban population is expected to continue growing
in the future (United Nations 2014). We need to enhance liveability and sustainability in cities,
ensuring that urban spaces are safe and attractive places for living and working. However, climate
change and urbanisation are putting this at risk, through problems such as increasing flood risk, heat
stress, water shortages and air pollution (IPCC 2012). Green and blue infrastructure (GBI) offer a
multifunctional approach which can reduce vulnerability and increase resilience in front of these
multiple threats (European Commission 2012a).

Traditionally, flood management was focused on grey or traditional solutions, such as pipes.
Nowadays, it is understood that this approach offers low sustainability (Vojinovic 2015). Therefore,
decision makers are increasingly considering GBI as an option for climate adaptation. However, even
if multi-functionality is recognised as their main strength, these technologies are often evaluated from
a single goal perspective, such as storm water management (Engstrom et al. 2018). But it is through a
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comprehensive analysis of their multiple benefits that the complete net-benefits of GBI can be
understood (Foster et al. 2011). The secondary benefits, besides flood management, are called here
co-benefits and are the positive side effects for people and the environment obtained from GBI
application.

Economic valuation, including all relevant costs and benefits, is an important tool to support decision-
making when planning GBI, particularly when comparing different types of infrastructures investment
options (Wild et al. 2017). A frequently used method to estimate the efficiency of projects is cost-
benefit analysis (CBA), being the project attractive if the benefits are higher than the costs. In the case
of flood management, the comparison is typically between the cost of measures to increase safety
and the reduction of expected damages. This method offers significant rational information for
decision makers when choosing among different solutions (Jonkman et al. 2004).

Despite the challenges to monetise co-benefits it is recognised that monetary valuation helps to raise
policy makers awareness regarding the economic importance of these associated benefits
(Chenoweth et al. 2018; Saarikoski et al. 2016). Very few works use net present value assessment over
the lifespan of measures to compare sustainable and traditional flood management strategies from a
holistic perspective, this is including the multiple benefits offered by GBI. For instance, Urrestarazu
Vincent et al. (2017) shown that the economic feasibility of GBI is significantly improved if multiple
benefits are considered. A similar result was obtained by and Ossa-Moreno et al. (2017) but working
only with sustainable measures.

There is still the need to better understand how costs and benefits change when GBI are combined
with grey solutions (Foster et al. 2011). In this paper we address this gap comparing the economic
viability of green, blue and grey flood risk reduction strategies, focusing on the combination of
different measures. We present a method to perform monetization of co-benefits and to include this
into a cost-benefits analysis. Besides the primary benefit of flood risk reduction, several secondary
benefits, or co-benefits, are considered in this work. An analysis with and without co-benefits
consideration is applied in a case study comparing different strategies combining green, blue and grey
measures. The work performed falls into the framework of EC-founded PEARL (www.pearl-fp7.eu;
Vojinovic 2015) and RECONECT (www.reconect.eu) projects.

2- Methodology

In a traditional flood management measures assessment, only the primary benefit of flood damages
reduction is considered. In this work, several secondary benefits or co-benefits are included, such as
heat stress reduction, air quality improvement and water savings. These co-benefits are associated
with the application of green and blue measures. Figure 1 summarises the whole methodological
process.

Expected damages calculation:

. Co-Benefits calculation: Cost calculation:
* EAD for business as usual case e .- .
(EAD, .. * Identification of main co- * Investment cost
bau benefits * O&M cost

* EAD after the application of
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for each co-benefit
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Figure 1: Methodology for total benefits and costs comparison.

The primary benefit, seen here as the benefit obtained from flood damages reduction, is estimated by
expected annual damage (EAD). EAD is the probabilistic expected flood damage cost per year for all
possible flooding events and is expressed in monetary terms (Delelegn et al. 2011). The flood damages
reduction is then calculated as the difference between EAD in the case of business as usual (without
measures), and EAD after the application of flood reduction measures.

Since CBA requires the quantification of all costs and benefits in monetary terms, it is necessary to
calculate the value of co-benefits. In the present work, every relevant benefit obtained from GBI
application (besides the primary benefit) is calculated in monetary terms per year. The addition of EAD
reduction and annual co-benefits (ACB), both due to the application of a specific measure or measures
combination, is the value of expected annual benefits (EAB).

Regarding costs calculation, investment and maintenance costs of every applied measure are
considered here. Once total benefits and costs are estimated, both are converted to the net present
value (NPV). This allows the comparison of these figures, seen as present values of costs and benefits,
and to stablish which is higher over the project lifespan.

2.1- EAD calculation

An extensively used method to calculate flood damages comprises the use of 2D hydrodynamic
models and depth-damages curves. In practice, the damages of flooding are influenced by several
factors, but usually water depth is the most influential factor in the case of small scale urban
catchments (Delelegn et al. 2011).

Due to the requirements on computational resources and time of 2D models, in this case we estimate
damages using a surrogate model. A surrogate model is a model that approximates a more complex
and too computationally expensive model, allowing faster approximations (Udoh and Wang 2009). In
this case, the surrogate model emulates the original 2D one and is composed by a much simpler 1D-
1D model and look-up curves.

To develop the look-up curves, the relation between water depth and the number of affected buildings
in several points of the drainage system (look-up points) is needed. Then, combining the use of these
look-up curves and depth-damages curves for the area, the value of damages can be estimated for
each one of these points. Adding the damages for all the look-up points, the total buildings damage is
calculated for a given return period rainfall event. Using this method it is not necessary to run the 2D
model for each green-blue-grey strategy and each rainfall event, instead the damages are calculated
using water depth results from the 1D-1D model, look-up curves and depth damages curves (see
Figure 2).

Once total damages for different rainfall events are estimated, the expected annual damage is
calculated using next equation:

EAD = Y, (B2 o (- L) (1)

2 RP; RPjyq

where D; is the damage corresponding to the event of return period RP;, and n is the number of return
periods considered. The damage D is calculated as the addition of damages in the different look-up
points.

To apply the concept of EAD, the return periods considered should cover a range going from frequent
and not so damaging events, to a very rare event. Moreover, n should be as large as possible in order
to have a good scatter of events (Delelegn et al. 2011).
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Figure 2: Process for buildings damage calculation.
2.2- Co-benefits calculation

The first step to estimate co-benefits is the identification of locally relevant benefits and the applicable
measures to achieve these benefits. To accomplish this, a multi criteria method for measures selection
is applied (Alves et al. 2018). This method is based on questions regarding local characteristics and
preferred benefits, with the answers given by decision makers a ranking of green-blue and grey
measures is built. From this ranking, different combinations of measures are selected for further
analysis in this work.

After the selection of measures, and the identification of benefits from them provided, the next step
is the calculation of the economic value of these benefits. To achieve this, it is needed to understand
the relation between impacts on the environment and the consequent human welfare. A good
description of these interactions is provided by Defra (2007) through the concept of impact pathways
(see Figure 3).
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Figure 3: Conceptual analysis of five co-benefits monetization: (a) air quality, (b) buildings temperature
reduction, (c) carbon sequestration, (d) rainwater harvesting, (e) heat stress reduction (adapted from
Horton et al. 2016).

Always when possible, the economic values of benefits are estimated based on local data, for instance
energy and water prices. When local data is not available, general information form literature review
is used. There are several published works on co-benefits values estimation, such as Horton et al.
(2016), Center for Neighborhood Technology (2010), NYC Environmental Protection (2013), CRC for
Water Sensitive Cities (2016), among other. The values of co-benefits are calculated per unit of area
of green infrastructure and per year.

2.3- Costs calculation

Costs calculation is based on local prices and literature review. Afterwards, the obtained values are
compared with values from other works for validation. Investment and maintenance for the lifespan
period are considered. All amounts are converted to the same year valuations using the consumer
price index (CPI). Moreover, all values are converted to present values using NPV for the lifespan
period of the measures. Next, equations for these two conversions are presented.

ValueyearA = ValueyearB * (CPIyear A/CPIyear B) (2)

m Valueper year

NPV = Xiz, (1+dr/100)¢

(3)

3- Case Study

3.1- Description



The methodology here presented was applied in a case study in the Dutch side of Sint Maarten Island,
located in the Caribbean region. This part of the island covers an area of approximately 3380ha.
Elevation ranges from near sea level at the southern end, to hilly areas with until 380m at the northern
borderline. Stormwater catchments and streams have several characteristics contributing to severe
flood related impacts. For instance, urban areas are situated on low-lying zones, with not good
stormwater drainage infrastructure. Besides, streets in residential areas are usually narrow allowing
very limited further enlargement of stormwater channels (see also Vojinovic and van Teeffelen 2007).

The catchment selected for this study is called Cul De Sac, which is one of the most vulnerable areas
to flooding. This catchment has an area of 509Ha and the land use is predominantly residential, with
some dispersed commercial areas in the lower part. During small rainfall events usual impacts include
inconveniences such as disruption to transportation systems. However, heavy rainfall causes large-
scale flooding with damages to residential and commercial buildings (UNDP 2012).

The local currency is Netherlands Antillean Guilder. However, in practice USD, Euros and the local
currency are accepted. Regarding the data used in this work, damage curves are given in Euros, while
other information for costs and co-benefits calculations is either in Euros or USD. In this work all values
are given in Euros.

3.2- Measures selection and benefits screening

The multi-criteria analysis introduced by Alves et al. (2018) was used to choose the measures to be
studied in this work. To apply this method a questionnaire was answered by local decision-makers.
The questionnaire was focused on the obtention of local physical characteristics data, such as soil type
and water table depth. The respondents also had to define local preferences regarding co-benefits,
for instance choosing which benefit is more important between water quality and liveability. The
answers were used to develop a ranking of green-blue-grey measures. From this ranking, five
measures were selected. Green roofs, pervious pavements and rainwater barrels (as green
infrastructure) were chosen to be applied in the flat and more urbanised area of the catchment. Open
detention basins (as blue infrastructure) and pipes (as grey infrastructure) were selected to manage
runoff from steep areas and for increase the capacity of the existent drainage system, respectively.
This analysis considers the existing channels system working properly.

Next, we analyse the main co-benefits obtained through the selected measures and their importance
for the case under study. Green roofs offer several benefits besides runoff reduction, such as thermal
insulation of buildings and consequently energy savings, air pollution reduction and carbon
sequestration, as well as less waste materials due to longer lifespan than traditional roofs (Bianchini
and Hewage 2012; Kosareo and Ries 2007; Rowe 2011). Buildings insulation is crucial in this island,
which has high temperatures and consequently high energy consumption for cooling. Furthermore,
energy savings is very important since the island has expensive energy production. The energy
production depends on imported fossil fuel which implies high carbon footprint and air pollutants
emission. Additionally, the island has one of the highest regional electricity prices and energy
consumption rates (Radjouki and Hooft Graafland 2014).

The installation of rainwater harvesting barrels at household level is a useful measure which allows
the reduction of drinking water consumption and water shortages. This is an important benefit in an
area where water production and cost have been increasing notoriously in the last 10 years (CENTRALE
BANK CURACAO EN SINT MAARTEN 2017). The production of water in the island is based on reverse
osmosis, an expensive technology which implies high energy consumption (Elimelech and Phillip
2011). Moreover, the Dutch part of the island experiences water shortages during peak consumption
hours (European Commission 2012b).



Regarding the installation of pervious pavements, this measure allows urban cooling through lower
reflection and higher evaporation (Foster et al. 2011). The reduction of surface temperature due to
pervious pavements installation, can reach between 8 and 3 Celsius degrees during day and night
respectively (Charlesworth 2010). Benefits obtained from this reduction are energy savings and
associated carbon dioxide and air pollutants reduction (USEPA 2012). This temperature reduction is
especially important for an area with tropical weather and high average temperatures, resulting in
increased cooling energy consumption due to heat stress. In these cases the increment of energy
consumption can reach 2 to 4% per each Celsius degree of higher temperature (Akbari et al. 2001;
Santamouris 2014).

In a previous work, open detention ponds (ODP) were identified as applicable flood management
alternatives in Cul De Sac catchment (UNDP 2012). This was reaffirmed through the measures
selection process applied for this case. As a result, in this work we analyse the application of several
of these structures in available spaces upstream the flat and more densely populated area. Although
multi-functionality can be considered for this measure, allowing co-benefits as recreation and
liveability enhancement, this benefit was not included for the present study.

Finally, as grey measure, pipes were chosen to increase the capacity of the existent drainage system
in the catchment. This existent system is composed by open channels with limited capacity to convey
the excess of rainfall runoff. Several of these channels are located in narrow streets which do not allow
their enlargement (UNDP 2012). A single line of big pipes is planned to follow the main channels path
from the mid area of the catchment until its discharge downstream.

3.3- Damage calculation

In the present work, the 1D-1D flood estimation model was developed in Storm Water Management
Model (SWMM), version 5.0 (Rossman 2010). It includes the main drainage channels in the area, linked
to streets and surfaces which represent the floodplain. This model was calibrated with results from an
existent 2D model developed in DHI software Mike FLOOD (UNDP 2012). Values of water depths from
the previously mentioned 2D model were registered in several points of the drainage system (look-up
points) to develop look-up curves (Water Depth-Buildings Damaged curves). The construction of the
curves was done obtaining the number of affected buildings for different flood depths in those points.

The look-up points have the same location than the nodes in the 1D-1D model. One look-up curve was
built for each of these nodes. Figure 4 shows an example of how to construct look-up curves, it
presents a node location, flooding surfaces for different return periods, buildings in the area, and the
resultant curve for that node. Once the look-up curves were constructed, the procedure used to
calculate damages was as follows. Firstly, changes were made to the 1D-1D model, adding the selected
measures for flood risk management. Secondly, the model was run and maximum water depths in
each node were registered. With this data, the number of affected buildings per node were obtained
from the curves previously built.
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Figure 4: Example of look-up curve calculation for one node.

To estimate damages costs in buildings, Water Depth —Damages curves for residential and commercial
buildings in Sint Maarten were used. These curves were obtained from Huizinga et al. (2017), which
analyses different damages per continent and includes specific data for the island of Sint Maarten.
Combining the results of number of buildings affected and depth-damages curves for the area,
residential and commercial damages were estimated for different return period rainfall events,
namely 5, 10, 20, 50 and 100 years.

Other damages considered in this study are infrastructure damages and transport damages. Again,
values from Huizinga et al. (2017) were used, it gives an estimated cost per square meter of
infrastructure damaged, as well as damages functions and maximum transport damage per continent.
Using these values and average water depths per node from the 1D-1D model, infrastructure and
transport damages per node were estimated. Table 1 shows damage values in the case of business as
usual, this is without the application of flood management measures.

Finally, the value of EAD is calculated and converted to present value using NPV estimation. Table 2
shows EAD calculation and results. Notice that this value of EAD, the one corresponding to current
situation, is the maximum value obtained. After applying measures, it is expected the reduction of
flooding and consequently the reduction of damages.

Table 1: Calculated damages for different return period rainfalls.

Return period
Damages (1x10° €) P

5 10 20 50 100
Residential 2.8 5.9 13.2 19.7 23.7
Commerecial 0.7 0.9 1.3 1.6 1.8
Infrastructure 0.8 1.5 2.6 35 3.9
Transport 0.1 0.5 1.7 3.3 4.1
Total 4.4 8.8 18.8 28.1 33.5



Table 2: EAD calculation for current situation and NPV of EAD in a period of 30 years.

Return Event Damage per EAD
period  frequency event (1x10° €) (1x10°€)
2 0.5 0 0.7
5 0.2 4.4 0.7
10 0.1 8.8 0.7
20 0.05 18.8 0.7
50 0.02 28.1 0.3

100 0.01 335
Total EAD 3.0
EAD NPV3o 46.6

The period used for NPV calculation was 30 years with 5% discount rate (International Monetary Fund
2016). The period used is considered appropriated without replacement of measures when working
with green infrastructure. For instance, different authors establish between 30 and 55 years of lifespan
for green roofs (Bianchini and Hewage 2012; Claus and Rousseau 2012; Kosareo and Ries 2007;
Porsche and Kohler 2003; Rowe 2011). In the case of pervious pavements, life time before clogging is
estimated between 15 and 25 years (Al-rubaei et al. 2013; Pezzaniti et al. 2009; USEPA 2012; Yong et
al. 2013). Regarding the discount rate, several studies on this topic were considered to validate this
discount rate value. These works consider discount rates varying between 2 and 8 % when working
with green measures and flood damage mitigation (Claus and Rousseau 2012; Bianchini and Hewage
2012; Carter and Keeler 2008; Jonkman et al. 2004).

3.4- Co-benefits calculation
Green Roofs

The main direct benefit obtained in this case from green roofs is energy savings due to building
temperature reduction. To calculate this benefit, we applied the method presented by Center for
Neighborhood Technology (2010). This method provides a simple estimation of building energy
savings, seeing green roofs as an insulation and assuming that a reduction in heat flux produces direct
energy savings (see Annex 1). The result for this benefit is 1.61 €/m?/year.

Two indirect benefits are attained from energy savings when, as in this case, energy is obtained from
fossil fuel power plants. These benefits are the reduccion of carbon dioxide emissions and the
improvement of air quality. Regarding air quality improvement, two pollutants were considered in this
work, nitrogen dioxide (NO:) and sulphur dioxide (SO:). Again, we used the methods presented by
Center for Neighborhood Technology (2010) to calculate the quantities of pollutants avoided and their
economic values. Results show that savings due to energy related air quality improvement are 0.08
€/m?/year; while savings due to reduction of carbon emissions are estimated as 0.17 €/m?/year.

The installation of green roofs also has a direct impact on air quality improvement. As a consequence,
the reduction of four pollutants was considered in this work: nitrogen dioxide (NO.), sulphur dioxide
(SO2), ozone (0s) and particulate matter (PM). The benefit obtained in this case is 0.5 €/m?/year.

Another direct impact of green roofs implementation is carbon dioxide sequestration. Although there
are other types of greenhouse gases contributing to climate change, the focus here was on carbon
dioxide since is the one most directly affected by green infrastructure (Center for Neighborhood
Technology 2010). The direct benefit due to carbon sequestration is 0.03 €/m?/year.

Finally, an increase on roof longevity is experienced due to the implementation of green roofs. The
soil layer of green roofs protects the membrane from weather conditions, incrementing its longevity

9



(Kosareo and Ries 2007). In this work, an average value of 108 €/m? applied every 20 years was
considered as the investment avoided for roof retrofitting.

More details about these calculations are presented in Annex 1. The accumulation of direct and
indirect co-benefits related to green roofs gives a value of 2.91 €/m?/y. With an interest rate of 5%,
the net present value of benefits over 30 years due to green roofs installation is 447823 €/Ha.

Rainwater barrels

The main co-benefit obtained from applying rain barrels is water savings. In this case, because water
is obtained from seawater desalination, the reduction of water production implies energy savings.
Moreover, since energy production is oil based, energy savings cause a reduction on carbon emissions
and air pollution. Another benefit from using rainwater barrels is freedom from water restrictions, this
is the economic value of avoiding drought related impacts, such as loss of amenity and other lifestyle
benefits (CRC for Water Sensitive Cities 2016). Figure 5 summarises all the processes considered to
calculate these benefits, while in Annex 1 more details regarding these calculations are presented.

B r ™
Inhabitants per house Bill per year per Numer of houses
house with rainbarrel
a A 4 \ J
Water consumption
per person | - A 4
\ J ) Annual benefit
Money saved per
h > due to water
Price of water YEAPEITIONSE savings
/ \ J
[ Raining days per year 1
Water saved per Energy savings
[ Rainwater barrels size year per house due to Iess-water
4 production

i i
1~ ) N\
: Water saved per year Annual benefit due to 1
1 using rainbarrels air pollution reduction :
N——
: Energy saved annualy < |
I| Energyto produce 1 in water production Annual benefit due to :
: m? of water through carbon emissions |
1 desalination reduction :
13, J 7 |

Figure 5: Benefits calculation due to rainwater barrels installation.

The total benefit due to rainwater barrels installation is 2.82€/m? of roof connected to a rainwater
barrel. With an interest rate of 5%, the net present value of benefits over 30 years due to rainwater
barrels installation is 433621 €/Ha.

Pervious pavements

The main benefit considered here due to pervious pavements installation is heat stress reduction.
Cooler pavements reduce outdoor temperatures, decreasing the use of air conditioning, hence
reducing energy consumption and the emission of CO, and air pollutants. As stated by Santamouris
(2014), cooling energy consumption is increasing de to urban heat insland effect. Moreover, according
to Akbari et al. (2001), the demand of electricity in cities is increased by 2 to 4% per each °C of outdoor
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temperature. The installation of pervious pavements can reduce surface temperatures up to 4°C, due
to lower reflection and evaporation when the pavement is wet (Foster et al. 2011). Furthermore, since
pervious pavements are more effective on reducing outdoor temperatures when are wet, better
results are obtained in warm and humid climates (Santamouris 2013). The results obtained show a
reduction of energy consumption in impacted houses of 12%. This number is in agreement with
Santamouris (2014), who estimates an energy consumption increment of 13% due to urban heat island
effect.

Finally, the benefit of having cooled suburbs in summer was considered (CRC for Water Sensitive Cities
2016). Details about the calculation of these benefits are presented in Annex 1. The total benefit due
to pervious pavements installation is 2.87€/m? of pavement per year. Considering an interest rate of
5%, the net present value of benefits over 30 years due to pervious pavements installation is 440700
€/Ha.

3.5- Costs calculations

Regarding costs calculation, cost values were taken from local or regional data, combined with inputs
from literature review. Several factors were taken into account, for instance that pervious pavements
have higher cost than conventional pavements. To estimate this cost, a layer of permeable asphalt or
concrete was considered above a highly permeable layer of gravel. Also, a perforated underdrain pipe
was included. The construction cost includes excavation, layers and underdrain development and
contingencies. Maintenance is mainly cleaning since this measure is susceptible to clogging
(Narayanan and Pitt 2006).

Regarding the cost of rain barrels, we considered the cost of 600lts barrels and the pumping system.
The operation cost is in this case the enery needed for pumping. The cost presented in Table 3 is per
square meter of roof apporting to the barrel. In the case of green roofs, materials and installation of
extensive green roof were considered for investment cost calculation, while maintenace includes
mainly inspection, vegetation care and roof reparations (Narayanan and Pitt 2006). To estimate the
capital costs of earthen open detention basins, regression equations calculated by Narayanan and Pitt
(2006) were used. This calculation considers soil movement and compactation assuming that the soil
needed is available, and there is not rock excavation nor groundwater problems.

Finally, to calculate the cost of pipes, lookup tables for reinforced concrete pipes (Narayanan and Pitt
2006) were considered together with excavation, bedding and backfill costs. To estimate operation
and maintenance costs an annual value of 3% of capital cost was included.

Table 3 summarizes the costs of the structures previously described: open detention basins, pipes and
green measures: green roofs, rainwater barrels and pervious pavements. The costs are in euros,
actualized according to consumer price index (see Eq. 2) and presented as net present value over a
period of 30 years with a disount rate of 5%.

Table 3: Total costs presented as net present value over 30 years

Green-Blue Total Present

infrastructure Valueso (€/m?)
Pervious pavements 161
Rain barrels 20
Green roofs 278
Open detention basin 349

Grey infrastructure Total Present

(pipes diameter) Valueso (€/m)
800 mm 719
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1000 mm 894

1500 mm 1534
2000 mm 2947
2500 mm 3615

3.6- Strategies development and results comparison

The evaluation of measures efficiency is performed for different alternatives, considering each
measure applied separately and combinations of them. The description of each measure is presented
in Table 4. The areas presented for each infrastructure are the maximum possible application for each
case. In the case of pervious pavements, it was assumed that these pavements can be installed on
50% of roads in zones of low slope. As a result, this measure covers a maximum of about 5% of the
total area. In the case of green roofs and rainwater harvesting, it was assumed that these two
measures cover the total area of roofs which represents about 15% of the total area.

Table 4: Total costs, damages reduction and total benefits for green measures (green roofs: GR, pervious
pavements: PP, rainwater harvesting: RH) presented as net present values over 30 years

Area Area Area Volume Pipes
Strategy Strategy description PP GR toRH of ODB Diameter
(Ha) (Ha) (Ha) (m?) (mm)
PP Pervious pavements 23.8 0 0 0 0
GR Green roofs 0 35.7 0 0 0
RH Rainwater harvesting 0 0 35.7 0 0
oDB Open detention basins 0 0 0 90750 0
Pi Pipes 0 0 0 0 2500
PP+GR Pervious pavements and green roofs 238 35.7 0 0 0
PP+RH Pervious pavements and rainwater harvesting  23.8 0 35.7 0 0
GR+RH Green roofs and rainwater harvesting 0 35.7 35.7 0 0
Pervious pavements, green roofs, rainwater
PP+GR+RH ’ harvegsting 238 357 357 0 0
ODB+Pi Open detention basins and pipes 0 0 0 90750 2500
Open detention basins and rainwater
ODB+RH i harvesting 0 0 357 90750 0
Pi+RH Pipes and rainwater harvesting 0 0 35.7 0 2500
. Open detention basins, pipes and rainwater
ODB+PI+RH i harvest?nz 0 0 357 90750 2500

If the ratio between primary benefit and total cost is plotted for each strategy (in blue in Figure 6), we
observe that the application of pipes (Pi) appears as the best strategy. This option offers benefits more
than two times higher than costs. However, when primary benefits and co-benefits are presented
together as total benefits, and the ratio of this value vs. cost is analysed (in red in Figure 6), other
strategies appear as good options too. In this case, the options of rainwater harvesting (RH) and its
combinations with open detention basins and pipes (ODB+RH, Pi+RH, ODB+Pi+RH), also offer benefits
higher than costs. In particular, pipes (Pi), rainwater harvesting (RH), and the combination of both
(Pi+RH) appear as the most promising strategies from this analysis.
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Figure 6: Primary benefit vs. cost (PB/C) and total benefits vs. costs (TB/C) for each strategy.

With the objective of analysing further the options which present total benefits higher than costs,
total cost, damages reduction, total benefits and residual damages are plotted in Figure 7. Here we
can see that the option of RH, which presented the best ratio between benefits and costs in the
previous analysis, does not perform well for the primary benefit, since it presents high residual
damages. The strategy with lowest residual damages is the combination of ODB, Pi and RH, but these
options presents high costs. An alternative, with higher residual damages but lower costs is the
combination of Pi and RH.
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Figure 7: Total costs, total benefits (damages reduction + co-benefits) and residual damages for each strategy.
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Klijn et al. (2015) studied how decision-making changes when different criteria are considered.
Following a similar analysis, three different rankings were developed (Table 3). The first ranking
represents the minimisation of societal cost, calculated as the addition of cost (implementation plus
maintenance) and residual damage. The second ranking maximises the ratio between primary benefit
and cost, this criterion represents the traditional approach, in which the only benefit taken into
account is damages reduction. The third ranking maximises the ration between total benefits and cost,
with total benefits being the sum of damages reduction plus co-benefits. If only the first and second
rankings are considered (traditional approach), it is clear that pipes is the strategy to apply in this case.
However, if the first and third rankings are considered, also RH appears as a good option. In this case
the combination of pipes and RH, which is the second option in both cases, seems to be the strategy
to choose. Moreover, looking at the third and fourth positions in these rankings, ODB should be
included in further analysis as well. This is, combinations of green, blue and grey measures should be
evaluated in this case.

Table 5: Rankings according to: societal costs, PB/C (primary benefit/cost), TB/C (total benefit/cost)

Strategy Societal Cost PB/C TB/C
PP 8 7 9
GR 10 13 13
RH 5 9
ODB 4 4 7
Pi
PP+GR 12 11 12
PP+RH 9 8 8
GR+RH 11 12 11
PP+GR+RH 13 10 10
ODB+Pi 3 3 6
ODB+RH 6 6 4
Pi+RH 2 2 2
ODB+Pi+RH 7 5 5

In this work only material damages are considered, including buildings, transport and infrastructure.
However, if other material damages not considered here, or non-material damages (such as
physiological trauma or risk of life) are considered, the importance of reducing residual damages turns
crucial. Besides, open detention basins can offer co-benefits such as recreational spaces, which are
not considered in this work. For these reasons the option that combines ODB, Pi and RH seems to be
the most suitable for the case under study here, even though it does not offer the lowest societal cost,
neither the best ratios PB/C or TB/C.

4- Discussion

The main goal of this work was to see how economic viability of different flood management strategies
changes when co-benefits are included into the analysis. To achieve this, we presented monetary
values of flood damages reduction, co-benefits and costs for different combinations of green-blue-
grey infrastructures when several rainfall intensities are considered. The analysis of results shows how
the selection of strategies changes when co-benefits are considered. Only grey measures appear as
feasible if co-benefits are not considered. However, when these secondary benefits are included,
combinations of green-grey measures and green-blue-grey measures appear as economically viable
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and, at the same time, good to ensure the primary benefit of flood risk reduction. Similar results have
been obtained previously by Ossa-Moreno et al. (2017) and Engstrom et al. (2018).

Our analysis is based on literature review and local and regional data for the case studied here. The
numerical results obtained, and rankings of measures developed are valid under the assumptions
made for this case. This study does not attempt to provide precise cost and benefits data. Rather, the
objective of this work was to show how a holistic approach can help to choose sustainable solutions
for urban flood mitigation. Moreover, the analysis presents uncertainties and constraints based on
data availability and particularities about local data and local issues.

Despite these uncertainties and constraints, similar values of costs and co-benefits have been found
in other works. Comparable values of costs and lifespans for green roofs and pervious pavements have
been presented by Engstrom et al. (2018) and Foster et al. (2011). Regarding co-benefits, Foster et al.
(2011) mention values between 25 to 50% of reduction in water consumption due to water barrels
installation, we obtained 23% of water savings in this case. The same work presents examples with
values between 15 and 45% of annual energy savings due to green roofs installation, while they
obtained 4% of energy reduction because of lower cooling costs. In this work we obtained annual
energy savings of 12% due to green roofs installation. Finally, we assumed 4°C of surface temperature
reduction due to pervious pavements application and their impact on heat stress mitigation, again, a
similar value than the one obtained by Foster et al. (2011). We obtained 12% of energy savings in
houses located close to pervious pavements, a similar result was obtained by Santamouris (2014).

In this work, only case relevant and easily quantifiable co-benefits were considered. As a result, the
values of co-benefits obtained were relatively low. These values can be enlarged if other benefits are
considered, such as enhancement of biodiversity, health, water quality, property value, etc. Future
work should include a broader range of co-benefits.

Concerning runoff reduction, the results obtained indicate low values of damages reduction when only
green measures were applied. This result is adequate considering that five return period rainfalls were
considered, including extreme events with 50 and 100 years of return period. Other authors have
found green and blue-green measures effective on providing flood reduction benefits
(Haghighatafshar et al. 2018; Kong et al. 2017), but the reduction of this effectiveness under strong
rainfall events has been argued as well (Versini et al. 2018; Z6lch et al. 2017).

For the case studied here, rainwater harvesting appears as an efficient measure if co-benefits are
taken into account. However, this measure is not effective for flood management. This remarks the
importance of keeping the focus on the primary function for which the measures are applied. If the
focus is shifted to co-benefits maximisation, there is the risk of not achieving the flood mitigation
pursued. The option with best performance regarding flood damages reduction is the combination of
the three measures: rainwater harvesting, open detention basins and pipes. While the second highest
value of flood damages reduction is obtained combining open detention basins and rainwater
harvesting.

Following a traditional approach, the pipes system appears as the only measure which achieves
benefits higher than costs and effective flood damages reduction. However, through this work we
proved that net benefits can be much enlarged if pipes are combined with rainwater harvesting. As a
result, the combination of these two measures is the best option if the objective is to maximise
benefits in the case here studied. But, if the main objective is to minimise flood damages and maximise
positive net benefits, the best option will be a combination of pipes with rainwater harvesting and
open detention basins.
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Future work is needed to further understand how the flood mitigation and co-benefits can be
maximised while costs are minimised. Urban drainage systems are complex systems and the
combination of different strategies to achieve several different benefits makes the problem even more
complex. Additional work should focus on understanding how different combinations of measures can
be better designed to improve efficiency.

5- Conclusions

In this work we present a method to introduce the monetary analysis of co-benefits into a cost-
benefits analysis of flood risk mitigation measures. Traditionally, the benefits of green infrastructure
other than flood risk reduction were not taken into account in decision making processes. Several such
co-benefits were considered in this work: water savings, energy savings due to less cooling usage, air
quality improvement and carbon sequestration. The above approach was then applied to a case study,
comparing costs and benefits with and without co-benefits. Different intervention strategies were
considered, using green, blue and grey measures.

The results obtained illustrate in quantitative terms how the viability of green and blue infrastructure
for flood mitigation can be improved substantially when co-benefits are considered. In the case
analysed here, costs outweigh benefits for all the green strategies if co-benefits are not included. This
means that the traditional grey option appears as the only economically viable strategy if co-benefits
are not considered. Thus, it is important to assess co-benefits when identifying best adaptation
strategies to improve urban flood risk management, otherwise green infrastructure is likely to appear
inferior than more conventional grey infrastructure.

When co-benefits are considered for the same case, the option of rainwater harvesting offers benefits
higher than costs. However, this alternative has bad performance achieving the primary benefit (flood
damages reduction). This issue can be solved, and net benefits maximised, if rainwater harvesting is
combined with pipes, i.e. if green-grey strategy is used. Moreover, the reduction of flood damages is
maximum, maintaining positive net benefits, if these two measures are mixed with open detention
basins (green-blue-grey strategy). Consequently, a mix of green, blue and grey infrastructures is likely
to result in the best adaptation strategy as these three tend to complement each other. Grey (and
blue) infrastructure excels at reducing the risk of flooding whilst green infrastructure brings in multiple
additional benefits that grey infrastructure cannot deliver.
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Appendix

Green roofs co-benefits calculation:

Equation 1.1 presents the calculation of energy savins due to green roofs implementation:

Annual energy savings (kWh/m?) = C X [( ! ) — ( ! )] X 2::;5 %X 0.00315 (3)

Reonv roof Rgreen roof
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where C = annual number of cooling degree days (°F*days); Rconv roof = thermal resistance for
conventional roofs (11.34 SF*°F*hrs/BTU); Rgreen roof = thermal resistance for green roofs (23.4
SF*°F*hrs/BTU); 0.00315 is factor to convert from BTU/SF to kWh/m?; BTU = Brithish termal units.

Annual cooling degree days is an estimation of how hot the climate is and is used to calculate the
energy needed to keep buildings cool. This value is calculated as the difference between a balance
temperature and the mean daily temperature, and adding only positive values over an entire year. In
this case the estimation of annual cooling savings was done considering four months of 27 celsius
degrees as an average (Meteorological Department St. Maarten 2018), with 20 celsius degrees as
balance temperature.

Table 1.1 shows savings and prices for all the benefits obtained from green roofs installation. For
instance, values of energy saved and price (National Renewable Energy Laboratory 2015) due to
building insulation are presented. Concerning the calculation of carbon dioxide reduction due to
energy savings, emissions due to oil based electricity production were estimated as 1.616 |b CO,/kWh
(WNA 2011). An average carbon price of 0.02 €/Ib CO, was assumed (Center for Neighborhood
Technology 2010).

Regarding direct air quality improvement, the quantities of air pollutants directly removed per square
meter of green roof and per year, as well as the economic value of these pollutants, are average values
provided by Center for Neighborhood Technology (2010). In the case of direct carbon sequestration,
the annual amount of carbon sequestered is calculated as the total area of green roofs times the
average annual amount of carbon sequestered per unit area of green roof. The range of carbon
sequestered per area of green roof considered is 162 to 168 g C/m? (Getter et al. 2009).

About the calculation of savings due to the increment of roof longevity, a conventional roof has a
lifespan of between 10 and 20 years (Claus and Rousseau 2012; Kosareo and Ries 2007). While the
lifespan of green roofs is expected to be between 40 and 55 years (Bianchini and Hewage 2012; Carter
and Keeler 2008; Claus and Rousseau 2012; Rowe 2011). Finally, values of re-roofing are established
between 92 and 160 USD/m? (Bianchini and Hewage 2012; Montalto et al. 2007).

Table 1.1: Calculation of green roofs annual benefits

Building temperature: energy savings (direct)

Cooling savings (KWh/m?)  5.38 Energy price (€/KWh) 0.3

Air quality due to energy savings (indirect)

Electricity production by fossil fuel produces the emission of NO> and SO>
NO: avoided (g/KWh)  0.88 NO: value (€/g) 0.0063
SO; avoided (g/KWh)  2.39 SOz value (€/g) 0.0039

Carbon reduced due to energy savings (indirect)

Electricity production by fossil fuel produces the emission of CO>

CO; avoided (g/KWh) 733.02 CO; value (€/g CO2) 0.00004
Air quality: pollutants removal (direct)

NO2removal (g/m?/ly)  2.33 NO; value (€/g) 0.0063

SO2 removal (g/m?/y) 1.98 SOz value (€/g) 0.0039

0s removal (g/m?/y)  4.49 Oz value (€/g) 0.0063

PM removal (g/m?/y)  0.65 PM value (€/g) 0.0054

Carbon sequestration (direct)
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Csequestred (g C/m?/y) 165 Cvalue (€/g CO2) 0.00004
Cto CO2(gCO2/gC) 3.67

Increment of roof longevity (direct)
Investment avoided (€/20y/roof) 108

Total Benefit Green Roof (€/m?/year) 2,91

Rainwater barrels co-benefits calculation:

Considering a population of 40009 inhabitants and annual water production of 4836x10°m3 (Central
Bureau of Statistics 2009), the average consumption of water is 10m3 per month. Assuming three
people per house (Department of Statistics 2011) and an average water price of 3€/m3, the cost of
water per house and per month is 89€. If a barrel of 600 liters is installed, and considering that in
average it rains 12 days per month (Meteorological Department St. Maarten 2018), about 7.25m3 are
saved per house per month. It means that 22 €/house/year are saved.

Drinkable water is obtained in the island through seawater desalination, in this process energy is
consumed and CO; released. Therefore, savings on water consumption are indirect savings of energy
and less CO; released. Energy consumption due to seawater desalination is estimated as 3 to 4
kWh/m? of water produced (Elimelech and Phillip 2011). Considering the same energy price than in
the case of green roofs, 6.5€ are saved per house and per month. Also, like in the case of green roofs,
oil based energy production releases air pollutants, following a similar calculation than for the case of
green roofs, the benefit in this case is 3.9€/house/year. Regarding the decrease of CO, released, it is
estimated that 1.4 to 1.8 Kg of CO; are released by each m? of desalinated water (Elimelech and Phillip
2011). Again, following a similar calculation than in the case of green roofs, the benefits due to carbon
emissions reduction is 5.3 €/house/year.

Finally, for each house free of water restrictions, the benefit is equivalent to the willigness to pay for
the impact of droughts avoided, estimated as 74 to 137 €/house/year (CRC for Water Sensitive Cities
2016). In this work the benefit considered is 74 €/house/year. The average roofs size is assumed as
150m?.

Pervious pavements co-benefits calculation:

In this work, energy savings due to pervious pavements installation were calculated considering that
the impact of outdoors temperature reduction reachs the houses located directly in front of these
pavements. Therefore, to estimate the number of houses impacted, the length of pervious pavements
installed was taken into account as well as an area covering about 50m each side of the pavement. A
3% of energy reduction per each °C of temperature decreased was assumed. The temperature
reduction achieved was assumed as 4°C per each raining day, with a total of 145 raining days per year
(Meteorological Department St. Maarten 2018).

The average domestic electricity bill in Sint Maarten is 172€ per month and per house (Radjouki and
Hooft Graafland 2014). Therefore, the benefit due to energy savings is around 98€ per impacted house
and per year. Regarding the indirect benefits of energy savings, the benefit due to air pollutants
reduction is 12.8 €/house/year, while the benefit due to carbon emissions reduction is 22.6 € per year
and per impacted house. Regarding the benefit of having cooled suburbs in summer, the value of this
benefit is sustained in the willingess to pay for improvements in human thermal comfort and avoided
halth care costs. This value is established between 30 and 51€/year per house which experiments a
reduction of peak summer temperature of 2°C (CRC for Water Sensitive Cities 2016). In this work an
average value of 40€/year per impacted house is considered.
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