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Abstract

Rainwater harvesting (RWH) systems are effective in alleviating water supply shortages,
while green roofs (GRs) can contribute to stormwater management, air quality improve-
ment, thermal regulation of buildings, and biodiversity support. Despite their individual
benefits, both systems are not frequently combined. This paper investigates the potential
for integrating these systems through a hydrologic modeling and optimization approach,
using a case study in Paris, France. The study utilized a Conceptual Interflow model (CI-
model) coupled with a Water Balance (WB) model to describe the rainfall-runoff relation-
ship of integrated green roof and rainwater harvesting (GR-RWH) systems. An NSGA-II
optimization was then applied to the CI-WB model to determine the optimal tank sizing of
GR-RWH systems for meeting different water demands. The results show that GR-RWH
systems have water reliability (WR) values similar to those of traditional RWH systems
without GR, albeit with larger tank volumes. For new buildings in Paris, a GR-RWH sys-
tem with approximately 25 to 75% GR coverage meets rainwater utilization needs with low
investment while also providing the added benefits of GRs.

Keywords Green roof - Runoff modelling - Optimization analysis - Economic feasibility -
Rainwater harvesting - Return on investment period

1 Introduction

Water security is a critical global issue that requires attention (UN 2015). Rainwater har-
vesting (RWH) is a sustainable strategy that involves the collection and storage of rainwa-
ter for various purposes, including domestic, commercial, and industrial use (Campisano
et al. 2017; Dallman et al. 2017; Imteaz et al. 2012; Souto et al. 2023; Yang et al. 2023).

Highlights

o GR-RWH systems require a slightly larger tank volume than RWH to achieve similar water reliability
under the same water demand.

o For new building design in Paris, a GR-RWH system with 25 to 75% GR coverage is a promising option
due to its cost-effectiveness in meeting rainwater utilization needs while providing additional GR benefits.

o Existing buildings in Paris with a GR could potentially benefit economically from the addition of RWH.

Extended author information available on the last page of the article
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Table 1 Summary of studies of GR and RWH used in combination

Location Water use Method to calculate Reference
rooftop runoff

Georgia (US) Irrigation No mention Lynch and Dietsch (2010)
Florida (US) Irrigation RCM Hardin et al. (2012)
Brazil Irrigation RCM Vieira et al. (2013)
Taiwan (China) Irrigation RCM Chao-Hsien et al. (2015)
Hong Kong (China) Irrigation RCM An et al. (2015)
Toilet flushing
Greece Irrigation RCM Monteiro et al. (2016)
Toilet flushing
S. Miguel Island Non-potable use RCM Santos and Taveira-Pinto (2013)
Azores(Portugal)
Brazil Potable use RCM Santos et al. (2019)
Portugal Non-potable use RCM Almeida et al. (2021)

Although rainwater harvesting (RWH) can contribute to the provision of water supply,
it is insufficient in addressing a range of urban issues resulting from rapid socio-economic
changes, population growth, urbanization, and climate change. These challenges include
urban heat island, air pollution, urban noise, and energy shortages. (Campisano et al. 2017;
Cook and Larsen 2021; Mitchell et al. 2008; Sampson et al. 2020). This study investigates
whether the integration of green roofs (GRs) with RWH could be an effective solution to
address multiple urban issues in a synergistic manner.

GRs offer several benefits, such as supporting biodiversity, prolonging the lifespan of
hard roofs, reducing stormwater runoff and mitigating combined sewer overflow, improv-
ing building insulation, and moderating air temperatures. However, the extent of these
effects is influenced by the local context and design specifics(Berardi et al. 2014; Francis
and Jensen 2017; Kolokotsa et al. 2013; Lepp 2008; Oberndorfer et al. 2007; Quaranta
et al. 2021; Sadeghi et al. 2019; Singh et al. 2020). Moreover, the water discharged from
GRs has been found to be appropriate for non-potable applications, such as landscape irri-
gation and toilet flushing. (Razzaghmanesh et al. 2014; Van Mechelen et al. 2015).

Table 1 presents the studies that have investigated the integration of GRs with RWH.
The Runoff Coefficient Method (RCM) was utilized in these studies to estimate runoff by
multiplying the appropriate Runoff Coefficient by rainfall (Abdulla 2020; Alim et al. 2020;
Maykot and Ghisi 2020).

At the public building scale (i.e. area=8400 m?), C. Santos and Taveira-Pinto (2013)
conducted an analysis of a building with an estimated occupancy of 740 individuals. The
design team considered the supply of rainwater to toilets and urinals by collecting runoff
from the GR area in an underground tank. The study found that the payback period for
this system, i.e., the time it takes for the investment to be recovered, ranged between 17 to
23 years. Hardin et al. (2012) reported that the installation of a rainwater tank on a green
roof led to an increase in the total annual stormwater retention on the study site from 43 to
87% in Florida.

In Santos et al. (2019), the potential benefits of using GRs for both building insula-
tion and RWH were investigated in a semi-arid region by observing temperature reductions
in rooms located under a green cactus roof. The study found that the installation of GRs
over bedrooms could significantly lower the room temperature while only causing a minor
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reduction (18%) in total annual runoff volume. In another study by Almeida et al. (2021),
a comparison was made between a flat traditional roof and one incorporating an extensive
GR with RWH. The study found that the GR-RWH combined solution resulted in a poten-
tial water saving decrease of less than 6% while increasing the volume of retained water by
almost 15% compared to RWH alone.

While several publications have investigated the water supply aspects of GR-RWH sys-
tems (as shown in Table 1), studies that focus solely on RWH are more prevalent (Alim et al.
2020; Maykot and Ghisi 2020; Oberascher et al. 2019; Palermo et al. 2019; Sty$ and Stec
2020; Stec and Zelenakova 2019; Tamane et al. 2021). To the best of the authors’ knowl-
edge, no comparative study has been conducted on the water supply of GR-RWH systems
and conventional RWH systems, and how varying GR coverage ratios (Rg;g) impact water
supply under different roof areas. To address this research gap, the present study aims to
employ mathematical models to compare the water supply performance of GR-RWH sys-
tems with different R, and to identify the optimal Ry for GR-RWH systems. The results
of the study will provide valuable insights into the optimal design and operation of GR-
RWH systems. The findings will be useful for policymakers, urban planners, and building
designers in considering a variety of sustainable water management practices in urban areas.

This study presents a water balance model that aims to characterize the hydrological
processes of green roof rainwater harvesting (GR-RWH) systems. Specifically, five differ-
ent green roof ratios (Rgr) ranging from 0 to 100% are evaluated. To evaluate the eco-
nomic viability and water reliability of GR-RWH, the water balance model is combined
with an optimization method that employs the Non-dominated Sorting Genetic Algorithm
II (NSGA-ID).

The main objectives of this study are to answer three key questions:

(i) How does the optimal tank size (Vt) vary based on different roof areas (RA), water
demands (Vd), and Ry (0, 25, 50, 75, and 100%)?
(i) Are GR-RWH systems with different Rgz economically feasible in terms of return
on investment period and water reliability?
(iii) What are the differences in return on investment period and water reliability of GR-
RWH systems in water supply under varying RA, Vd, and Rgr?

2 Methods
2.1 Hydrological Processes of Green Roof Rainwater-Harvesting Systems

Figure 1 depicts a schematic representation of the simulated GR-RWH system. To quantita-
tively characterize the hydrological dynamics of GR-RWH systems, we constructed a water
balance model (WB-model) based on established techniques by previous authors (Dixon et al.
1999; Fewkes 2000; Sty§ 2009). The equation for the WB-model of the GR-RWH system is
presented in Eq. (1), where,

Vr + Vs =Vo+Vd (1)

Vr is volume of roof runoff (m?), which is less than or equal to the volume of the stor-
age tank (Vt);
Vs is volume of tap water supplied to the system (m?);

@ Springer



4666 H. Xie et al.

Irrigation System
¢ 1 1 1 1 1
N2 2N 2N 2~}

=T
: Supply
. Pipe
1
1
1
Rainwater
Drainage

PiIFe

g verflow—9

Raihwater|
ank

Toilet Supply Pipe

Municipal water
supply

—®potable water—

Pump

Fig. 1 Cross-section schematic of a building with GR-RWH system

Vo is volume of rainwater overflow to sewage system (m>);

Vd is water demand for non potable use (m*/day).

In this study, a Conceptual Interflow model (CI-model) was used to assess the roof run-
off from GR, as detailed in the Supplementary material (Eqs. S1-S7) (Xie and Liu 2020).
Between rainfall events, moisture exits the system through the soil surface and vegetation
via evaporation and transpiration. To estimate evapotranspiration (ET), we applied the
modified Blaney-Criddle method (Egs. 2 and 3), which has been previously used in related
studies (Cascone et al. 2019; Cirkel et al. 2018; Jahanfar et al. 2018). During rainfall, we
assumed that ET is negligible, following the findings of previous research (Carbone et al.
2014; Li and Babcock 2014; Zaremba et al. 2016).

PET = p(0.46T e, + 8) )

ET = a X PET 3)

where PET is the potential ET, T,,.,, is mean daily temperature (°C); p is mean daily per-
centage of annual daytime hours that is based on the latitude and month. a is a coefficient
related to the antecedent precipitation index.

Several assumptions were made in the development of the model.

(1) The largest volume of rainwater accumulated in the storage tank (Vr) was assumed to be
equal to the capacity of the storage tank (Vt), with the volume of pump and pipes ignored.
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(ii)) The demand for non-potable water in the house was assumed to be satisfied first by
water accumulated in the storage tank, and only after by water from the conventional
water-supply system.

(iii) Any roof runoff in excess of the storage tank’s capacity (Vt) was assumed to be drained
to the sewage system or to other rainwater-using equipment.

(iv) The storage tank’s capacity was assumed to be more than the daily demand for non-
potable water (Vt>Vd).

(v) Snow buildup or sublimation were not taken into consideration in the model, therefore
all precipitation was presumed to be rain.

The process of roof runoff filling and accumulation in the tank is described as follows:

ifVw; + Vi > Vi, then Vk, , = Vi 4)

ifVw; + Vriyy < Vi, then Vk, | = Vw; + Vp,, (5)

The non-potable distribution system’s rainwater consumption from the storage tank is
characterized by the following two conditions:

ifVa; — Vd; <0, then Vw; = 0 and Vu; = Va, (6)

ifVa; — Vd; > 0, then Vw; = Va; — Vd; and Vu; = Vd, (7)
The tap water input to the non-potable distribution system is described as follows:

ifVa; > Vd,, then Vs; =0 (8)

ifVa; < Vd;, then Vs; = Vd,; — Va, 9)

The process of rainwater outflow (discharge) from the storage tank to the sewage system
is defined as follows:

ifVa; + Vr; < Vt, then Vo, =0 (10)

if Va; + Vr; > Vt, then Vo; = Vw; + Vr; = Vt (11)

where:

The subscript i is the value at the i™ time interval, i = 1,2, -+, n. For instance, Va, is the
volume of rainwater held in the tank prior to the system drawing the water (consumption)
at the i™ time interval (m?); Vd, is total water demand in the i™ time interval(m?); Vk; is the
quantity of rainwater that remains in the tank at the conclusion of the i interval (m?).

Vw is water volume in storage tank (m), which is less than or equal to Vr and maximum is Vt;

Vu is volume of rainwater transferred from the storage tank to the distribution system (m?).

2.1.1 Input Data for Conceptual Interflow Model
Versini et al. (2020) presented a comprehensive open data set derived from the Blue Green
Wave (BGW), the largest Green Roof (1 hectare) in the Greater Paris Area. The BGW

features a base depth of 20 cm and is predominantly covered with grasses, together with a
mixture of perennial plants, grasses, and iris bulbs. A 300 mm diameter pipe collects water
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from a wide area of the BGW (1143m?), referred to as the *pipe drained region’, with a
depth sensor installed in the pipe to measure the flow rate (Q).

In the period spanning from February to May 2018, Versini et al. (2020) identified a
total of six distinct rainfall events, each characterized by a cumulative rainfall depth
exceeding 5 mm and separated by a dry interval of at least 6 h. Specifically, the identified
events and their corresponding rainfall totals were as follows: R1 on March 7 (9 mm), R2
on March 11 (9.7 mm), R3 on March 17 (7.5 mm), R4 on March 27 and 28 (13.9 mm), RS
on April 9 (9.6 mm), and R6 on April 29 and 30 (23.5 mm). In this paper the events identi-
fied by Versini et al. (2020) were used; events R1-R3 to calibrate the CI-model, and events
R4-R6 for validation.

2.1.2 Calibration and Validation

The overall runoff ratio (Ry) and Nash—Sutcliffe efficiency (NSE) were used in calibration
and validation process. Ry, is the ratio of simulated total runoff to observed total runoff.
NSE has a range of -oo0 to 1, where a score of 1 indicates that the model is a perfect match,
and a value of less than O indicates that the observed mean is a better predictor than the
model (Nash and Sutcliffe 1970).

Yo Qum(DAL

12
Yo Quea(DAL 12

v =

=F mea Slmt
NSE—I—ZZT (Q —Q ()) (13)

(:r ( mea QAmea)

where: Q,;,(t)=simulated flowrate; Q, .. (t)=measured flowrate; Ar=time step;
O ameqa = average measured flowrate of individual events.

2.2 Optimization Model

The NSGA-II algorithm (Deb et al. 2002) is widely recognized as a prominent evolution-
ary multi-objective optimization (EMO) technique that aims to identify multiple Pareto-
optimal solutions for a given multi-objective optimization problem.

The NSGA-II model was employed to identify the optimal volume of rainwater tank
(Vt), using the optimization criteria Py, (F1) and WR(F2), which have been previously
utilized in similar studies (Melville-Shreeve et al. 2016; Okoye et al. 2015):

1

F1 = Minimize Ppy; = —
mnimize Ppp, Be (14)
F2 = Maximum WR = %(5)0% (15)

The NSGA-II optimization algorithm aims to minimize the objective functions, there-
fore, the Eq. (15) can be expressed as follows:

F2 = Minimize WUR =1 — WR (16)
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where:

I is the total capital costs (euro),

Be is the benefit (euro/year), Be = EV,C,

E is the tap water saving in the analyzed period (%),

C is the cost of tap water purchase (euro/m?), C=3.70(€/m>) (I’eau 2015),

Water Reliability (WR) is the percentage of time that a household can depend on rain-
water collected from their roof to fulfill their water requirements for one year (%),

Water Unsuitability Ratio (WUR) is the percentage of time that households cannot rely
solely on rainwater and must supplement with other sources of water for one year (%),

X is the number of days per year where rainwater is sufficient to fulfill all household
water needs.

The total capital costs I of the GR-RWH system consists of two parts: the capital costs
of RWH (Igwy) and the capital costs of GR (Igg):

I'=Igwu + Ior 17)

For Tpwy (€ / m?), we refer to Vialle (2011) with a detached house. For the materials
cost (MC), pumping system is 2153 (€); secondary filtration is 419 (€); disinfection is 598
(€); the materials cost of tank is 1794 (€) for 5 m>. In this study, assuming the material cost
of the tank per cubic meter is 1794/5=358.8 (€ / m?). The installation cost(IC) is 4125(€).
Power consumption (PC) is 41(€). The materials cost, investment and operating costs asso-
ciated are presented as:

Igwn =V, X 358.8 + MC + IC + PC (18)

The maintenance and disposal cost of Iz and Ipyy overlap, so we included it in Igg.
Igg also includes the installation and operation costs. As the observed data in this study
is from a semi-intensive GR, we assumed an average of the I in France equals aver-
ages from references of semi-intensive GR. As reported in Manso et al. (2021), for semi-
intensive GR, the average materials and installation cost (MI) is 130 € /m 2. the operation
and average maintenance cost (OM) is 7.77 € / m? /year; the average disposal cost (DC)
is 12 € / m%; and current GR systems are expected to have an average in-service life of
40 years. As in Okoye et al. (2015), the annual discount rate is taken as 6% (i.e., i=0.005
per month). The lifetime of the rainwater tank is assumed to be 25 years. So, in this case
the Igg (€/ m?) is:

Igr = Rgr X RA X (MI 4+ DC) + Rgr X RA x OM x 40 (19)

After generating the Pareto graph, the Compromise Programming (CP) method was
employed to identify the optimal solution from the final Pareto set generated by the
NSGA-II algorithm. The CP method, a well-established Multiple Criteria Decision
Making (MCDM) approach introduced by Hendriks et al. (1992), aims to find a sub-
set of efficient solutions, known as a compromise set, that is closest to the ideal point
where all criteria are optimized (Bayesteh and Azari 2021). The CP method can be
mathematically expressed as Eq. (20):

n FJ(X) _ FJ(X*J) p 1/p
MinZ = Z (wjx —————) | .stxeX (20)
=1 Fj(x,4) = Fj(x*)
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where,

x  The vector of decision variables

X The feasible set

w; The positive weight for goal j

x Ideal solution for goal j

x+  The most inappropriate solution based on the objective function |
p  The topological metric; i.e., a real number between 1 and oo

In this study, equal weightage was given to the F1 and F2 objective functions, with a
weightage of 0.5 assigned to both. To enhance the model’s capability in selecting the opti-
mal solution, a value of 2 was assigned to parameter p in Eq. (20) (Goorani and Shabanlou
2021). In cases where the Z values of two optimized Vt results are equivalent, preference
was given to the one with a lower Vt value, as it corresponds to a smaller footprint.

2.3 Case Study

The present study applied the NSGA-II model to a dataset of daily rainfall spanning
41 years (1980-2020) from the ORLY station (FRM00007149) in Paris, which was obtained
from the Global Historical Climatology Network-Daily (GHCN-Daily), Version 3. Paris has
a mild maritime climate with an annual average temperature of 10°C, wherein the average
temperature in January is 3°C and the average temperature in July is 18°C. Rainfall occurs
year-round, with slightly higher precipitation levels in summer and autumn, and an average
annual rainfall of 622 mm. To investigate the annual variability, we analyzed 41 years of
rainfall data and identified three distinct climatic scenarios, namely a wet year, an average
year, and a dry year. The year with the highest and lowest annual rainfall was considered as
the wet and dry years, respectively, while the year with annual rainfall close to the 41-year
average was considered as the average year (Hajani and Rahman 2014; Karim et al. 2015;
Stec and Zeletidkova 2019). The annual rainfall data for the wet year (2001), average year
(1995), and dry year (2005) were 867.8 mm, 622.6 mm, and 410.4 mm (See Supplementary
material, Fig. S1).

In this study, we aimed to investigate the impact of the influence of Rz on Vt by evalu-
ating five different levels of Ry (0, 25, 50, 75 and 100%). Rggr =0% indicated the presence
of a traditional impermeable roof, which is the standard for RWH systems. For hydrologi-
cal calculations, the RWH and GR-RWH systems were treated identically, except for the
runoff method and evapotranspiration. The RCM was utilized to convert precipitation to
roof runoff in non-GR areas, with evaporation being disregarded, runoff Coefficient was
assumed to be 0.9 (Abdulla 2020; Alim et al. 2020; Maykot and Ghisi 2020).

In order to explore the efficiency of different roof sizes and water demands, we assumed
different RA. Each RA will run under a set of different water demand and different Rgg. The
assumed RA and Vt considered in this study were selected based on those reported in previ-
ous RWH research (See Supplementary material, Table S1). Given the limited availability
of data on roof area distribution in Paris, we explored a wide range of RA, including 50,
100, 200, 300, 500, 800, 1000, 2000, 3000, 5000, and 10000 m2. We also assumed a range
of values for Vt, with V, € (lm3, 400m> ), in order to capture a broad range of scenarios.

According to data from France’s Water Information Centre (Le Centre d’Information
sur I’eau) (I’eau 2015), the average water consumption of a toilet flush is assumed to be
9 L, with an average of four flushes per person per day, resulting in a total of 36 L of
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water consumed per person per day. Due to uncertainties in the number of occupants in
public buildings and daily traffic, it is impractical to accurately determine the actual water
demand. Therefore, this study considers 10 different water demand scenarios (0.1, 0.5, 1.0,
1.5,2.0,2.5, 3.0, 3.5, 4.0, 4.5, 5.0 m*/d) to explore the impact of Vd on Vt.

3 Results and Discussion
3.1 Calibration and Validation of Conceptual Interflow Model

The initial values of model parameters, such as field moisture capacity and saturated mois-
ture content, as well as a comprehensive description of the CI-model, can be found in Xie
and Liu (2020). The model parameters were adjusted using the trial-and-error method to
obtain a reasonable fit with the observed data. The corresponding outcomes are presented
in Table S2 (See Supplementary material). The NSE values of the CI-model range from
0.565 to 0.936, and Rv values range from 0.827 to 0.971, indicating that the CI-model is
capable of accurately simulating GR discharge during rainfall events.

3.2 Five GR Coverage Scenarios

The variations in optimal Vt, WR and Py, of different RA at different Vd and GR coverage
are shown in Fig. 2 and Table 2. Notably, the maximum Vd that can be accommodated by
different RA or Rgp, is dissimilar (WR less than 0.5 is not included in the analysis as it lacks
practical significance). For instance, when RA is 50 m?, only Vd of 0.1 m*d can be supported.

According to Fig. 2 and Table 2, it has been observed that when Ry, is held constant, an
increase in RA leads to an increase in WR, when both RA and Vd are fixed, an increase in
Rgr does not have a significant impact on WR. However, when Vd is large, WR tends to
slightly decrease with an increase in Rgg. For example, when RA=3000m? and Vd >0.35
m’/d, there is a slight decrease in WR as Rgy increases. Nevertheless, for RA=3000m?,
Vd < 0.35 m%/d, the WR remains unchanged for different Ry values. The reason for this
lies in the fact that as RA increases, the total amount of rainwater available for the system
also increases, resulting in an increase in WR. However, as Rg increases, the retention
effect of GR on rainwater becomes more pronounced. Although a high level of WR can be
maintained by increasing Vt, the total amount of available rainwater continues to decrease,
resulting in a slight decrease in WR.

When Ry, is held constant, an increase in RA leads to an increase in Py, and when the
RA and Vd are maintained at a constant level, an increase in Ry results in a corresponding
increase in Py The reason for this is that as RA or Ry increases, the construction cost of
GR also increases, while the return on investment is insufficient to offset the expenditure.
Therefore, Py continues to increase.

According to Table 2 and Fig. 2, when Vd was small, Vt increased with the increase
of Rgr. When Vd was large, Vt increased first and then decreased with the increase of
Rgr» generally reaching the peak at Rgg =50 or 75%. For example, when RA < 800m?,
only when Vd=0.1 m*d and 0.5 m*d, Vt increases continuously with the increase of Rgg.
However, when RA < 800m?, Vd > 1.0m3 /d, Vt increases first and then decreases with
the increase of Rgi. The reason is that the increase in Ry leads to a decrease in available
rainwater utilization, which necessitates a larger Vt to retain more water during rainy days.
When the Vd is relatively high, the high Rz GR-RWH system fails to meet the high WR
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Fig.2 The Vt, WR and Py, for different Vd and RA of different GR coverage (A1-A5, were the Py for
different Vd and RA of different Ry (0, 25, 50, 75, and 100%); B1-B5 were the WR for different Vd and
RA of different Ry (0, 25, 50, 75, and 100%); C1-C5 were the Vt for different Vd and RA of different Ry
(0, 25, 50, 75, and 100%))

by increasing Vt. Therefore, the NSGA-II optimization objective of Py is achieved by
slightly reducing Vt.

According to Table 2, for all analyzed scenarios, when Rgg =0%, the optimal Vt is
1.7-101m> and the maximum WR is 0.52-1.0. The minimum Py is 3.9-86.0 years. The
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Table 2 Vt, WR and Py, for different Vd and RA of different R

Rgg=0% [ Rgg=26% [ Rgz=50% [ Rgg=T5% | Rgg=100%

RAMmY)  VdmYd) | Vi)  WR _ Ppoofean)| Vi) WR__ Pootean)| Vi)  WR_ PposGean)| Vi) WR _ PpoGean)| Viem')  WR__ PposGear)
50 0.1 310 0.70 809 330 067 12860 360 063 17657 3.60 059 22941 360 054 289001
100 0.1 3.90 0.99 6217 540 100 11404 560 100 16588 7.40 L0 2536 7.90 099 28483
200 0.1 2.10 1.00 5623 260 100 15414 265 100 25198 3.30 100 34994 3.60 100 4782
200 05 8.40 0.53 2637 850 049 6554 890 046 10925 1200 043 16041 1250 040 21573
300 01 1.90 1.00 5557 230 L0 20202 250 100 34775 250 100 49337 250 100 63901
300 05 188 081 2525 2110 079 6643 2270 075 11053 2440 071 16060 2670 067 21720
400 01 1.86 1.00 5530 240 100 25051 250 100 44455 250 L0 6862 250 L0 83274
400 05 175 0.94 2075 2450 095 6810 4220 09 12152 5070 0.8 17522 5180 088 23190
400 10 1790 054 1747 1640 049 s552 1637 046 9843 2630 043 15039 2880 040 20551
400 15 1630 031 1637 1520 027 373 - 1.00 - - 1.00 - - 1.00 -
500 01 1.80 1.00 5515 240 100 29886 250 100 4125 250 L0 78372 250 099 102628
500 05 1400 098 1815 2100 1.00 7157 2820 062 12447 3580 059 18229 3860 054 24081
500 10 2550 069 1704 2880 066 5671 - - - - - - - - -
800 0.1 1.70 1.00 5487 250 100 4360 250 100 83090 250 100 121835 250 100 160596
800 05 9.10 1.00 1507 1370 100 9539 1450 100 17428 2100 100 25360 2220 L0 33191
800 10 3000 092 1403 4870 095 6240 8480 096 11598 5430 0.89 16035 5060 086 21491
800 L5 45 07 1523 4820 070 5463 4550 067 988 3550 061 14354 3410 057 19801
800 20 200 053 12.03 - - - - - - - - - - - -
1000 0.1 1.70 1.00 5482 250 100 53992 250 100 102367 250 100 1507.66 250 100 199190
1000 05 7.50 1.00 1434 1260 L0 11367 1320 100 20148 1640 100 30954 17.90 100 407.42
1000 10 2000 095 1106 4150 100 6627 5640 100 11929 6590 100 17550 6860 099 23308
1000 Ls 6200 085 1650 8260 087 6061 9610 084 10652 8350 078 15300 8290 074 207.83
1000 20 5500 069 1392 5170 067 528 4760 061 9418 4540 057 14206 2830 050 19735
1000 25 4500 054 11.92 - - - - - - - - - - - -
2000 01 1.50 1.00 s467 250 L0 102178 250 100 198723 250 100 295267 2.50 100 391873
2000 05 7.50 1.00 14.01 9.70 100 20083 1250 100 40421 1250 100 59827 1250 100 79239
2000 10 1380 09 887 25.50 100 10863 2650 100 20640 3290 100 30449 3590 100 40236
2000 15 2650 098 816 4350 1.00 7648 60.50 100 14358 73.00 100 20966 8190 100 27663
2000 20 400 095 838 83.00 1.00 6365 1LSO 100 11653 14120 100 17407 15630 099 23290
2000 25 5700 090 889 12610 095 S041 21420 096 1128 13450 089 15667 12360 086 21119
2000 3.0 %000 084 1127 16990 087 5890 19380 084 10455 12150 078 14752 11230 073 20003
2000 35 1000 076 170 13060 0.7 5340 13520 072 926 10390 068 1462 8940 062 19527

2000 40 7400 065 902 11560 067 5085 9520 06l 200 9090 057 13985 8000 052 19357
2000 45 7500 059 891 900 057 4921 7200 051 90.35 - - - - - -
2000 50 7500 053 881 - - - - - - - - - - - -
3000 0.1 1.50 100 s467 250 100 150450 2.50 100 295267 250 100 440084 250 100 5849.01
3000 05 5.00 1.00 1332 1250 100 30683 1250 100 59754 1250 100 88837 1250 Lo 117932
3000 L0 1000 09 810 2500 100 15676 2500 100 30234 2500 100 44796 2500 100 593.59
3000 15 1630 09 661 3750 100 10692 39.80 100 20471 4930 100 30280 53.80 100 40068
3000 20 2600 097 622 5260 1.00 8296 6870 15776 78.90 100 23180 93.60 100 30549
3000 25 300 093 575 84.50 1.00 7028 12650 3151 13050 100 19152 14850 100 25241
3000 3.0 3900 089 576 12460 100 278 16730 1567 19790 100 17198 20500 099 22942
3000 35 4900 085 59 16050 098 876 26160 1222 21600 092 16074 20840 090 21571
3000 40 6800 083 677 20570 092 5808 359.00 1132 2100 087 1201 21400 082 20701
3000 45 700 077 668 1240 083 5329 29530 10416 23810 078 14908 22600 074 20288
3000 50 7700 072 682 14580 076 SLIS 227.90 9795 17140 071 14219 14280 066 19524
5000 0l 1.70 100 5474 250 100 246995 2.50 100 488356 250 100 729708 2.50 100 9710.80
5000 05 7.00 1.00 1376 1250 100 49970 1250 100 98344 1250 100 146742 1250 100 195165
5000 10 13.00 1.00 847 25.00 100 25350 2500 100 49589 25.00 100 73836 25.00 100 980.90
5000 15 16.80 1.00 645 3750 L0 17122 3750 100 33295 37.50 100 49471 3750 100 65652
5000 20 2350 099 574 50.00 100 13002 5000 100 25137 5050 100 371287 5190 100 49437
5000 25 2750 097 516 6330 100 10559 6650 100 20336 8230 100 30146 8970 100 39933
5000 3.0 3300 095 480 7840 1.00 8989 8290 100 17193 12180 L00 25451 12920 100 33608
5000 35 700 097 516 9310 1.00 7854 10620 100 14947 13770 100 22060 17000 100 290.98
5000 40 5900 096 536 13000 100 7139 16600 100 13462 20340 100 19707 21200 100  260.19
5000 45 7500 095 579 16230 100 6602 23690 100 12334 24550 100 17930 25700 100 23950
5000 50 8500 093 588 20550 100 6202 27880 100 1497 22400 099 16811 21350 100 22751
10000 0.1 1.70 100 s474 250 100 4883.56  2.50 100 971080 250 100 1453803 250 100 19365.26
10000 05 8.00 1.00 14.11 1250 L0 98Le2 100 194707 1250 L0 291252 1250 100 3878.56
10000 10 11.00 1.00 8.08 25.00 100 49467 100 97841 2500 100 146239 25.00 100 1946.62
10000 15 16.50 1.00 635 3750 Lo 33231 100 65521 37.50 100 97823 3750 100 130142
10000 20 2120 1.00 542 50.00 100 25098 100 49337 5000 100 73584 50.00 Loo 97838
10000 25 2750 1.00 498 55.00 100 20192 100 39614 6250 100 59020 6250 L0 78432
10000 3.0 33.00 1.00 464 69.00 100 16934 L0 3127 7500 100 49303 7500 100 65483
10000 35 40.10 1.00 451 8140 100 14603 . 100 28490  87.50 100 42358 8750 100 56230
10000 40 450 098 414 88.00 100 12862 10000 100 25011 10180 100 37159 10380 100 49310
10000 45 4500 097 395 10800 100 11515 11640 100 22325 12500 100 33163 14000 100 44036
10000 50 5300 096 398 12670 100 10458 13290 100 20235 16450 100 30045 179.50 100 3983

relevant results of R;z=0% (traditional RWH), are consistent with current similar research
(Alim et al. 2020; Maykot and Ghisi 2020; Stys and Stec 2020; Stec and Zelenidkova 2019).

According to Table 2, for all analyzed scenarios, when Rgz =25%, the optimal Vt is
2.5-205.7m? and the maximum WR is 0.57-1.0. The minimum Py, is 49.2-4883.5 years.
When Rgg =50%, the optimal Vt is 2.5-359.0m® and the maximum WR is 0.51-1.0. The
minimum Py is 89.7-9710.7 years. When Rgg =75%, the optimal Vt is 2.5-245.5m? and
the maximum WR is 0.57-1.0. The minimum Pyq; is 139.8-14538.0 years. When Rgy
=100%, the optimal Vt is 2.5-257m> and the maximum WR is 0.51-1.0. The minimum
Proris 193.5-19365.3 years. Comparing the results of the 50% and 100% GR coverage sce-
narios with previous studies, we found that our results were similar to those of Chao-Hsien
et al. (2015) and C. Santos and Taveira-Pinto (2013) in terms of water reliability of GR-
RWH. However, our economic viability results differed from theirs, with our Pyq; being
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longer. One possible explanation for this disparity is that previous studies only considered
the capital costs of RWH, while treating GR as a pre-existing building component. In con-
trast, our study viewed GR and RWH as an integrated system, assuming that both were
installed simultaneously on the building. This approach resulted in a higher total capital
cost for the GR-RWH system, which in turn led to longer Prqr.

It also should be noted that this study only focuses on the benefits of GR-RWH for
rainwater recycling. Other benefits of GR, such as mitigating the Urban Heat Island Effect
(UHIE) (Leal Filho et al. 2017; Susca et al. 2011), stormwater management, urban noise
attenuation and air quality improvement (Berardi et al. 2014; Scolaro and Ghisi 2022;
Vijayaraghavan 2016) have not been quantified in terms of monetary value. Further
research should explore the monetization of various benefits of GR and integrate them into
a comprehensive assessment.

4 Conclusions

In this study, we investigated the potential of GR-RWH systems to improve water balance
and economic feasibility. Specifically, we applied the NSGA-II algorithm to the CI-WB-
model to determine the optimal sizing of a rainwater storage tank for GR-RWH systems
in the city of Paris, considering various levels of RA, Vd and Rgg. The key findings were:

(i) Although the GR-RWH requires a larger Vt, it can still achieve a WR comparable to
traditional RWH (RGR =0%).

(ii) In Paris, GR-RWH systems are viable for multiple Ry, ranging from 25 to 75% for
new building designs as rainwater utilization needs are fulfilled at a low cost while
also providing additional benefits of GRs. However, this paper does not determine
the optimal GR coverage due to the lack of methods for calculating energy and eco-
logical benefits. Inclusion of the economic value of all GR benefits in the analysis
would yield a larger range of feasible GR-RWH scenarios.

(iii) The addition of RWH may bring economic benefits to buildings in Paris that already
have a GR.
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