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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
• GR-RWH systems require a slightly larger tank volume than RWH to achieve similar water reliability 

under the same water demand.
• 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.
• Existing buildings in Paris with a GR could potentially benefit economically from the addition of RWH.
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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 m2), 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 

Table 1   Summary of studies of GR and RWH used in combination

Location Water use Method to calculate 
rooftop runoff

Reference

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

Toilet flushing
RCM An et al. (2015)

Greece Irrigation
Toilet flushing

RCM Monteiro et al. (2016)

S. Miguel Island 
Azores(Portugal)

Non-potable use RCM Santos and Taveira-Pinto (2013)

Brazil Potable use RCM Santos et al. (2019)
Portugal Non-potable use RCM Almeida et al. (2021)
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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; Słyś and Stec 
2020; Stec and Zeleňáková 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 (RGR) 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 RGR, and to identify the optimal RGR 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-II).

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 RGR (0, 25, 50, 75, and 100%)?

	 (ii)	 Are GR-RWH systems with different RGR 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; Słyś 2009). The equation for the WB-model of the GR-RWH system is 
presented in Eq. (1), where,

Vr is volume of roof runoff (m3), 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 (m3);

(1)Vr + Vs = Vo + Vd
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Vo is volume of rainwater overflow to sewage system (m3);
Vd is water demand for non potable use (m3/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 (Eqs. 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).

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

Several assumptions were made in the development of the model.

(i)	 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.

(2)PET = p
(

0.46Tmean + 8
)

(3)ET = α × PET

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

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

The tap water input to the non-potable distribution system is described as follows:

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

where:
The subscript i is the value at the ith time interval, i = 1, 2,⋯ , n . For instance, Vai is the 

volume of rainwater held in the tank prior to the system drawing the water (consumption) 
at the ith time interval (m3); Vdi is total water demand in the ith time interval(m3); Vki is the 
quantity of rainwater that remains in the tank at the conclusion of the ith interval (m3).

Vw is water volume in storage tank (m3), 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 (m3).

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 

(4)if Vwi + Vri+1 > Vt, then Vk
i+1 = Vt

(5)if Vwi + Vri+1 ≤ Vt, then Vk
i+1 = Vwi + Vpi+1

(6)if Vai − Vdi < 0, then Vwi = 0 and Vui = Vai

(7)if Vai − Vdi ≥ 0, then Vwi = Vai − Vdi and Vui = Vdi

(8)if Vai > Vdi, then Vsi = 0

(9)if Vai ≤ Vdi, then Vsi = Vdi − Vai

(10)if Vai + Vri ≤ Vt, then Voi = 0

(11)if Vai + Vri > Vt, then Voi = Vwi + Vri − Vt
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from a wide area of the BGW (1143m2), 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), R5 
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 (RV) and Nash–Sutcliffe efficiency (NSE) were used in calibration 
and validation process. RV is the ratio of simulated total runoff to observed total runoff. 
NSE has a range of -∞ to 1, where a score of 1 indicates that the model is a perfect match, 
and a value of less than 0 indicates that the observed mean is a better predictor than the 
model (Nash and Sutcliffe 1970).

where: Qsim(t) = simulated flowrate; Qmea(t) = measured flowrate; ∆t = time step; 
QAmea = 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 PROI(F1) and WR(F2), which have been previously 
utilized in similar studies (Melville-Shreeve et al. 2016; Okoye et al. 2015):

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

(12)RV =

∑t=tF
t=1

Qsim(t)Δt
∑t=tF

t=1
Qmea(t)Δt

(13)NSE = 1 −

∑t=tF
t=1

�

Qmea(t) − Qsim(t)
�2

∑t=tF
t=1

�

Qmea(t) − QAmea

�2

(14)F1 = Minimize PROI =
I

Be

(15)F2 = Maximum WR =
X ∗ 100%

365

(16)F2 = Minimize WUR = 1 −WR
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where:
I is the total capital costs (euro),
Be is the benefit (euro/year), Be = EVdC,
E is the tap water saving in the analyzed period (%),
C is the cost of tap water purchase (euro/m3), C = 3.70(€/m3) (l’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 (IRWH) and the capital costs of GR ( IGR):

For IRWH (€ / m2), 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 m2. In this study, assuming the material cost 
of the tank per cubic meter is 1794/5 = 358.8 (€ / m2). The installation cost(IC) is 4125(€). 
Power consumption (PC) is 41(€). The materials cost, investment and operating costs asso-
ciated are presented as:

The maintenance and disposal cost of IGR and IRWH overlap, so we included it in IGR. 
IGR 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 IGR 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 € / m2 /year; the average disposal cost (DC) 
is 12 € / m2; 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 IGR (€ / m2) is:

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):

(17)I = IRWH + IGR

(18)IRWH = Vt × 358.8 +MC + IC + PC

(19)IGR = RGR × RA × (MI + DC) + RGR × RA × OM × 40

(20)MinZ =

[

n
∑

j=1

(wj ×
Fj(x) − Fj(x

∗j)

Fj
(

x∗j
)

− Fj(x
∗j)

)

p]1∕p

, s.t.xϵX
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where,

x	� The vector of decision variables
X	� The feasible set
wj	� The positive weight for goal j
x*j	� Ideal solution for goal j
x*j	� The most inappropriate solution based on the objective function j
p	� The topological metric; i.e., a real number between 1 and ∞

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℃, wherein the average 
temperature in January is 3℃ and the average temperature in July is 18℃. 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 Zeleňáková 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 RGR on Vt by evalu-
ating five different levels of RGR (0, 25, 50, 75 and 100%). RGR = 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 RGR. 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 Vt ∈

(

1m3, 400m3
)

 , in order to capture a broad range of scenarios.
According to data from France’s Water Information Centre (Le Centre d’Information 

sur l’eau) (l’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 m3/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 PROI 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 RGR is dissimilar (WR less than 0.5 is not included in the analysis as it lacks 
practical significance). For instance, when RA is 50 m2, only Vd of 0.1 m3/d can be supported.

According to Fig. 2 and Table 2, it has been observed that when RGR 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 RGR. For example, when RA=3000m2 and Vd >0.35 
m3/d, there is a slight decrease in WR as RGR increases. Nevertheless, for RA=3000m2, 
Vd < 0.35 m3/d, the WR remains unchanged for different RGR 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 RGR 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 RGR is held constant, an increase in RA leads to an increase in PROI, and when the 
RA and Vd are maintained at a constant level, an increase in RGR results in a corresponding 
increase in PROI. The reason for this is that as RA or RGR increases, the construction cost of 
GR also increases, while the return on investment is insufficient to offset the expenditure. 
Therefore, PROI 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 RGR = 50 or 75%. For example, when RA ≤ 800m2 , 
only when Vd = 0.1 m3/d and 0.5 m3/d, Vt increases continuously with the increase of RGR. 
However, when RA ≤ 800m2 , Vd ≥ 1.0m3∕d , Vt increases first and then decreases with 
the increase of RGR. The reason is that the increase in RGR 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 RGR GR-RWH system fails to meet the high WR 
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by increasing Vt. Therefore, the NSGA-II optimization objective of PROI is achieved by 
slightly reducing Vt.

According to Table  2, for all analyzed scenarios, when RGR =0%, the optimal Vt is 
1.7-101m3 and the maximum WR is 0.52-1.0. The minimum PROI is 3.9-86.0 years. The 

Fig. 2   The Vt, WR and PRO for different Vd and RA of different GR coverage (A1-A5, were the PROI for 
different Vd and RA of different RGR (0, 25, 50, 75, and 100%); B1-B5 were the WR for different Vd and 
RA of different RGR (0, 25, 50, 75, and 100%); C1-C5 were the Vt for different Vd and RA of different RGR 
(0, 25, 50, 75, and 100%))
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relevant results of RGR=0% (traditional RWH), are consistent with current similar research 
(Alim et al. 2020; Maykot and Ghisi 2020; Słyś and Stec 2020; Stec and Zeleňáková 2019).

According to Table 2, for all analyzed scenarios, when RGR =25%, the optimal Vt is 
2.5-205.7m3 and the maximum WR is 0.57-1.0. The minimum PROI is 49.2-4883.5 years. 
When RGR =50%, the optimal Vt is 2.5-359.0m3 and the maximum WR is 0.51-1.0. The 
minimum PROI is 89.7-9710.7 years. When RGR =75%, the optimal Vt is 2.5-245.5m3 and 
the maximum WR is 0.57-1.0. The minimum PROI is 139.8-14538.0 years. When RGR 
=100%, the optimal Vt is 2.5-257m3 and the maximum WR is 0.51-1.0. The minimum 
PROI is 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 PROI being 

Table 2   Vt, WR and PRO for different Vd and RA of different RGR
R R R R R

RA(m2) Vd(m3/d) Vt(m3) WR P year Vt(m3) WR P year Vt(m3) WR P year Vt(m3) WR P year Vt(m3) WR P year
50 0.1 3.10 0.70 86.09 3.30 0.67 128.60 3.60 0.63 176.57 3.60 0.59 229.41 3.60 0.54 289.11

100 0.1 3.90 0.99 62.17 5.40 1.00 114.04 5.60 1.00 165.88 7.40 1.00 225.36 7.90 0.99 284.83

200 0.1 2.10 1.00 56.23 2.60 1.00 154.14 2.65 1.00 251.98 3.30 1.00 349.94 3.60 1.00 447.82

200 0.5 8.40 0.53 26.37 8.50 0.49 65.54 8.90 0.46 109.25 12.00 0.43 160.41 12.50 0.40 215.73

300 0.1 1.90 1.00 55.57 2.30 1.00 202.02 2.50 1.00 347.75 2.50 1.00 493.37 2.50 1.00 639.01

300 0.5 18.80 0.81 25.25 21.10 0.79 66.43 22.70 0.75 110.53 24.40 0.71 160.60 26.70 0.67 217.20

400 0.1 1.86 1.00 55.30 2.40 1.00 250.51 2.50 1.00 444.55 2.50 1.00 638.62 2.50 1.00 832.74

400 0.5 17.50 0.94 20.75 24.50 0.95 68.10 42.20 0.96 121.52 50.70 0.89 175.22 51.80 0.88 231.90

400 1.0 17.90 0.54 17.47 16.40 0.49 55.52 16.37 0.46 98.43 26.30 0.43 150.39 28.80 0.40 205.51

400 1.5 16.30 0.31 16.37 15.20 0.27 53.73 - 1.00 - - 1.00 - - 1.00 -

500 0.1 1.80 1.00 55.15 2.40 1.00 298.86 2.50 1.00 541.25 2.50 1.00 783.72 2.50 0.99 1026.28

500 0.5 14.00 0.98 18.15 21.00 1.00 71.57 28.20 0.62 124.47 35.80 0.59 182.29 38.60 0.54 240.81

500 1.0 25.50 0.69 17.04 28.80 0.66 56.71 - - - - - - - - -

800 0.1 1.70 1.00 54.87 2.50 1.00 443.60 2.50 1.00 830.90 2.50 1.00 1218.35 2.50 1.00 1605.96

800 0.5 9.10 1.00 15.07 13.70 1.00 95.39 14.50 1.00 174.28 21.00 1.00 253.60 22.20 1.00 331.91

800 1.0 30.00 0.92 14.03 48.70 0.95 62.40 84.80 0.96 115.98 54.30 0.89 160.35 50.60 0.86 214.91

800 1.5 44.50 0.73 15.23 48.20 0.70 54.63 45.50 0.67 96.88 35.50 0.61 143.54 34.10 0.57 198.01

800 2.0 32.00 0.53 12.03 - - - - - - - - - - - -

1000 0.1 1.70 1.00 54.82 2.50 1.00 539.92 2.50 1.00 1023.67 2.50 1.00 1507.66 2.50 1.00 1991.90

1000 0.5 7.50 1.00 14.34 12.60 1.00 113.67 13.20 1.00 211.48 16.40 1.00 309.54 17.90 1.00 407.42

1000 1.0 20.00 0.95 11.06 41.50 1.00 66.27 56.40 1.00 119.29 65.90 1.00 175.50 68.60 0.99 233.08

1000 1.5 62.00 0.85 16.50 82.60 0.87 60.61 96.10 0.84 106.52 83.50 0.78 153.00 82.90 0.74 207.83

1000 2.0 55.00 0.69 13.92 57.70 0.67 52.80 47.60 0.61 94.18 45.40 0.57 142.06 28.30 0.50 197.35

1000 2.5 45.00 0.54 11.92 - - - - - - - - - - - -

2000 0.1 1.50 1.00 54.67 2.50 1.00 1021.78 2.50 1.00 1987.23 2.50 1.00 2952.67 2.50 1.00 3918.73

2000 0.5 7.50 1.00 14.01 9.70 1.00 209.83 12.50 1.00 404.21 12.50 1.00 598.27 12.50 1.00 792.39

2000 1.0 13.80 0.99 8.87 25.50 1.00 108.63 26.50 1.00 206.40 32.90 1.00 304.49 35.90 1.00 402.36

2000 1.5 26.50 0.98 8.16 43.50 1.00 76.48 60.50 1.00 143.58 73.00 1.00 209.66 81.90 1.00 276.63

2000 2.0 41.00 0.95 8.38 83.00 1.00 63.65 111.50 1.00 116.53 141.20 1.00 174.07 156.30 0.99 232.90

2000 2.5 57.00 0.90 8.89 126.10 0.95 59.41 214.20 0.96 112.84 134.50 0.89 156.67 123.60 0.86 211.19

2000 3.0 90.00 0.84 11.27 169.90 0.87 58.90 193.80 0.84 104.55 121.50 0.78 147.52 112.30 0.73 200.03

2000 3.5 101.00 0.76 11.70 130.60 0.75 53.40 135.20 0.72 96.26 103.90 0.68 141.62 89.40 0.62 195.27

2000 4.0 74.00 0.65 9.02 115.60 0.67 50.85 95.20 0.61 92.10 90.90 0.57 139.85 80.00 0.52 193.57

2000 4.5 75.00 0.59 8.91 99.00 0.57 49.21 72.00 0.51 90.35 - - - - - -

2000 5.0 75.00 0.53 8.81 - - - - - - - - - - - -

3000 0.1 1.50 1.00 54.67 2.50 1.00 1504.50 2.50 1.00 2952.67 2.50 1.00 4400.84 2.50 1.00 5849.01

3000 0.5 5.00 1.00 13.32 12.50 1.00 306.83 12.50 1.00 597.54 12.50 1.00 888.37 12.50 1.00 1179.32

3000 1.0 10.00 0.99 8.10 25.00 1.00 156.76 25.00 1.00 302.34 25.00 1.00 447.96 25.00 1.00 593.59

3000 1.5 16.30 0.96 6.61 37.50 1.00 106.92 39.80 1.00 204.71 49.30 1.00 302.80 53.80 1.00 400.68

3000 2.0 26.00 0.97 6.22 52.60 1.00 82.96 68.70 1.00 157.76 78.90 1.00 231.80 93.60 1.00 305.49

3000 2.5 31.00 0.93 5.75 84.50 1.00 70.28 126.50 1.00 131.51 130.50 1.00 191.52 148.50 1.00 252.41

3000 3.0 39.00 0.89 5.76 124.60 1.00 62.78 167.30 1.00 115.67 197.90 1.00 171.98 205.00 0.99 229.42

3000 3.5 49.00 0.85 5.96 160.50 0.98 58.76 261.60 0.98 112.22 216.00 0.92 160.74 208.40 0.90 215.71

3000 4.0 68.00 0.83 6.77 205.70 0.92 58.08 359.00 0.92 111.32 221.00 0.87 152.91 214.00 0.82 207.01

3000 4.5 71.00 0.77 6.68 152.40 0.83 53.29 295.30 0.84 104.16 238.10 0.78 149.08 226.00 0.74 202.88

3000 5.0 77.00 0.72 6.82 145.80 0.76 51.18 227.90 0.76 97.95 171.40 0.71 142.19 142.80 0.66 195.24

5000 0.1 1.70 1.00 54.74 2.50 1.00 2469.95 2.50 1.00 4883.56 2.50 1.00 7297.18 2.50 1.00 9710.80

5000 0.5 7.00 1.00 13.76 12.50 1.00 499.70 12.50 1.00 983.44 12.50 1.00 1467.42 12.50 1.00 1951.65

5000 1.0 13.00 1.00 8.47 25.00 1.00 253.50 25.00 1.00 495.89 25.00 1.00 738.36 25.00 1.00 980.90

5000 1.5 16.80 1.00 6.45 37.50 1.00 171.22 37.50 1.00 332.95 37.50 1.00 494.71 37.50 1.00 656.52

5000 2.0 23.50 0.99 5.74 50.00 1.00 130.02 50.00 1.00 251.37 50.50 1.00 372.87 51.90 1.00 494.37

5000 2.5 27.50 0.97 5.16 63.30 1.00 105.59 66.50 1.00 203.36 82.30 1.00 301.46 89.70 1.00 399.33

5000 3.0 33.00 0.95 4.89 78.40 1.00 89.89 82.90 1.00 171.93 121.80 1.00 254.51 129.20 1.00 336.08

5000 3.5 47.00 0.97 5.16 93.10 1.00 78.54 106.20 1.00 149.47 137.70 1.00 220.60 170.00 1.00 290.98

5000 4.0 59.00 0.96 5.36 130.10 1.00 71.39 166.00 1.00 134.62 203.40 1.00 197.07 212.00 1.00 260.19

5000 4.5 75.00 0.95 5.79 162.30 1.00 66.02 236.90 1.00 123.34 245.50 1.00 179.30 257.00 1.00 239.50

5000 5.0 85.00 0.93 5.88 205.50 1.00 62.02 278.80 1.00 114.97 224.00 0.99 168.11 213.50 1.00 227.51

10000 0.1 1.70 1.00 54.74 2.50 1.00 4883.56 2.50 1.00 9710.80 2.50 1.00 14538.03 2.50 1.00 19365.26

10000 0.5 8.00 1.00 14.11 12.50 1.00 981.62 12.50 1.00 1947.07 12.50 1.00 2912.52 12.50 1.00 3878.56

10000 1.0 11.00 1.00 8.08 25.00 1.00 494.67 25.00 1.00 978.41 25.00 1.00 1462.39 25.00 1.00 1946.62

10000 1.5 16.50 1.00 6.35 37.50 1.00 332.31 37.50 1.00 655.21 37.50 1.00 978.23 37.50 1.00 1301.42

10000 2.0 21.20 1.00 5.42 50.00 1.00 250.98 50.00 1.00 493.37 50.00 1.00 735.84 50.00 1.00 978.38

10000 2.5 27.50 1.00 4.98 55.00 1.00 201.92 62.50 1.00 396.14 62.50 1.00 590.20 62.50 1.00 784.32

10000 3.0 33.00 1.00 4.64 69.00 1.00 169.34 75.00 1.00 331.27 75.00 1.00 493.03 75.00 1.00 654.83

10000 3.5 40.10 1.00 4.51 81.40 1.00 146.03 83.40 1.00 284.90 87.50 1.00 423.58 87.50 1.00 562.30

10000 4.0 41.50 0.98 4.14 88.00 1.00 128.62 100.00 1.00 250.11 101.80 1.00 371.59 103.80 1.00 493.10

10000 4.5 45.00 0.97 3.95 108.00 1.00 115.15 116.40 1.00 223.25 125.10 1.00 331.63 140.00 1.00 440.36

10000 5.0 53.00 0.96 3.98 126.70 1.00 104.58 132.90 1.00 202.35 164.50 1.00 300.45 179.50 1.00 398.32
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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 PROI.

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 RGR. 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 RGR, 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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