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ABSTRACT

Population growth and migration to urban spaces are influencing the management of the urban water cycle, both in terms of
supply and drainage, driving a more holistic management of the urban water cycle, combining hard centralized engineering
infrastructures with soft decentralized nature-based solutions. Among the latter, rainwater harvesting (RWH) and green roofs
are solutions that have been most encouraged by some municipalities around the globe at the building level. The present
study describes a methodology to assess the combined performance of RWH and green roofs in terms of water savings and
rainwater retention. The methodology can be easily applied and is compatible with the format in which the required data
are usually available. The methodology is applied to the city of Turin, in Italy, and is used to develop generalized relations
that allow estimating the performance of RWH systems with traditional and green roofs, based on two ratios that contain all
the relevant characteristics of the rainwater harvesting system (water consumption, collection area and tank capacity).
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HIGHLIGHTS

® Urban water saving is reachable through rainwater harvesting (RWH).
® Combining green roofs with RWH increases the rainwater retention capacity.
® The best performances of the combination are reached with small and low-cost RWH tanks.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying,
adaptation and redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

Historically, mankind resorted to rainwater harvesting (RWH) to tackle water shortages, either due to limitations
of other water sources or to temporal constraints of water availability. Nowadays, this is still the main motivation
underlying the implementation of RWH in many developing regions, regardless of the water resources available
(e.g., Africa, South America, Southeast Asia), and in developed regions with limited water resources (e.g., Cali-
fornia, Australia).

However, another driver emerged in highly urbanized areas in developed regions: the need to minimize the
rainwater discharge into the stormwater drainage system. In the 1960s, roughly two-thirds of the world’s popu-
lation (2 billion) lived in rural areas, but since 2007, more than half of the world’s population lives in urban
areas (7.95 billion in 2022) (Ritchie et al. 2024). One of the consequences of urban growth that has already
taken place, more noticeably in the developed regions, is the increase in impervious surfaces. These impervious
areas are forecasted to increase further throughout the globe with population and urbanization growth, and this
implies reductions in surface retention, infiltration and evapotranspiration. This results in an increase in the
volumes and peak discharges into the sewers, which, combined with their limited capacity and difficulty in inter-
vening in the existing drainage infrastructures, increase the risk of combined sewer overflows and urban floods.
Adding the frequency and magnitude of extreme rainfall events due to climate changes to this situation, it is
understandable that there is increased interest in sustainable rainwater management (Wilderer 2004), also
referred to as Best Management Practices (Griffiths ef al. 2020), Water Sensitive Design (Mguni ef al. 2022), Inte-
grated Water Management (Mitchell 2006), Low Impact Development (Griffiths et al. 2020), Sustainable Urban
Drainage Systems (Ferrans et al. 2022) or Sponge City (Hamidi ef al. 2021) in the literature.

Sustainable rainwater management relies, to a large extent, on the promotion of decentralized solutions to
complement/alleviate the existing stormwater drainage system. At the building level, this has been done through
incentives to implement solutions such as green roofs and RWH systems. These incentives range from financial
support to stormwater fee reduction (Liberalesso et al. 2020). For instance, the city of Hamburg grants a 50%
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rebate in the water fee for green roofs with a thickness of more than 5 cm and an impervious surface reduction of
20 m? per cubic metre of storage volume for RWH systems with tanks of at least 2 m>. Some cities/regions/
countries (e.g., New Delhi, Indore, Kanpur and other locations in India; New Zealand) promoted RWH,
making it mandatory for new buildings (Gabe et al. 2012). In others, it is the green roofs that are mandatory
(e.g., Saint Laurent, Toronto, in Canada; Tokyo, in Japan; Los Angeles, Portland, San Francisco, in USA,;
Recife, Porto Alegre, Sdo Paulo, in Brazil; Cérdoba, in Argentina; Zurich, Basel, in Switzerland; Copenhagen,
in Denmark; Stuttgart, Munich, Hannover, in Germany; Turin, Bolzano, in Italy) (Wilkinson ef al. 2022). In
most cases, the main motivation underlying the policies towards promoting green roofs and RWH is reducing
stormwater volume and peak discharge, but there are other motivations. In India and Brazil, water shortages
were the more relevant drivers, whereas in Tokyo, it was the heat island effect reduction that motivated its
green roof policy.

The literature on RWH is extensive (e.g., see Silva ef al. 2022 for a review; Younos & Parece 2016; Campisano
et al. 2017), but it has mainly focused on water savings. Water saving entails a quantitative and a qualitative
dimension, since the rainwater needs to meet some minimal quality standards for it to be used. This is logical
from the building owner/investor perspective since the financial viability of a RWH system is driven by the
relation between the savings associated with the reduction of public water supply consumption and the invest-
ment and operation costs of the system. In addition to the RWH potential in each specific case, the water cost
plays a key role in financial viability. In fact, higher RWH system performance in terms of water saving may
not imply financial viability because water is, in most regions of the globe, an inexpensive commodity.

Green roofs, on the other hand, have been extensively studied (see Zheng et al. 2021 for a review) in terms of
their hydrological performance, both in terms of rainwater detention (peak discharge reduction) and retention
(volume reduction). Despite the generalized conclusion that green roofs contribute to reducing the rainwater dis-
charged into the urban drainage networks, their performance is extremely variable. This variability is not only
due to the location climate (e.g., see Voyde et al. 2010; Stovin et al. 2012; Viola et al. 2017) and the green
roof characteristics but also to the specific temporal pattern of the rainfall (Zheng et al. 2021).

However, despite the various studies on the hydrologic performance of green roofs, physical modelling requires
a range experimental data for calibration, which, even in the case of their availability from weather stations, are
site-specific and may not be representative of each possible location of green roof (e.g., radiation due to shading;
wind velocity due to building roughness; temperature due to heat island effect).

Also, the studies on the combined performance of RWH systems and green roofs are limited (e.g., Almeida
et al. 2023). In this research effort, the performance of combining a green roof with an RWH system in the
city of Turin, Italy, is explored, resorting to (i) an empirical model to estimate the green roof runoff and (ii) a simu-
lation model to mimic the RWH system operation. The goal is to provide a planning-level tool that is easy to
implement and use by both academia and industry, and requires only information that is either a design par-
ameter (e.g., rainwater collection area; water consumption) or generally accessible data (e.g., daily rainfall
series). The comparison with the performance achieved with a traditional roof is also presented, considering
that a traditional roof encompasses a variety of possible impervious roofing solutions (e.g., clay tiles, metal
sheets, polymeric membranes).

2. DATA AND METHODS

2.1. Case study

The present research uses the city of Turin as a case study to demonstrate the tool, providing continuity to past
research on the topic (e.g., Carollo et al. 2022). The city of Turin is the administrative centre of the Piemonte
Region and is located in the north of Italy, about 240 m above sea level. The climate is Cfa (humid subtropical),
according to the Koppen-Geiger classification (Beck et al. 2023). The city extends over an area of 130 km?, having
871,850 inhabitants distributed over 36,158 residential buildings (Istat 2011).

In and around Turin, there are eight rain gauge stations in the databases of the Regional Agency for the
Environment Protection (ARPA Piemonte 2024) and the National Institution for Environment Protection and
Research (SCIA-ISPRA 2024) with data, until at least 2022. The length of the daily rainfall series of records in
these stations ranges from 18 to 70 years. However, it is important to notice that there are some days missing
in several years. Considering only years with at least 350 days with data, the maximum series length is 69
years. The annual rainfall of the years with more than 350 days of data from each station is presented in Figure 1.
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Figure 1 | Annual rainfall depth for locations with at least 350 days of data within a year.

Most of the stations are located at elevations identical to Turin (239-368 m), but two are located at higher
elevations (Bric della Croce, 710 m, and Pino Torinese, 608 m). These latter stations recorded a lower average
annual rainfall (731 mm) than the stations at lower elevations (870 mm), so they were not considered as data
sources. Among the remainder, data from the Caselle station was chosen to conduct the study, because it has
the longest record series (54 years between 1973 and 2022) and the Pearson correlation with the remaining
stations is always above 0.842 (Table 1), meaning that there are no important differences in the rainfall regime
over the city of Turin. The length of the rainfall series affects the results of the RWH simulation. In the present
case study, the length of the chosen rainfall series, 54 years, is even longer than what is generally suggested for
RWH performance analysis (e.g., 30 years, according to Palla et al. 2011). Nevertheless, other authors used rain-
fall series shorter than 30 years for RWH simulation (e.g., 25 years — Agudelo-Vera et al. 2013; 10 years — Mitchell
2007 and Geraldi & Ghisi 2017).

2.2. Methodology

The general methodology for assessing the combined performance of green roof and RWH is depicted in Figure 2.
According to the Turin public water utility, the annual potable water consumption in 2022 was 7.5 x 10’ m>
(SMAT Torino 2023). Considering the residential population, the average per capita water consumption is 241

Table 1 | Pearson correlation of the annual rainfall between the Caselle station and the remaining stations located at elevations

under 400 m
Station Torino giardini reali Torino via della consolata Torino reiss romoli Rivoli la perosa Torino vallere
Caselle 0.848 0.865 0.842 0.879 0.874

Define the building
characteristics

*Roof area
sNon-potable water consumption

sSelect the data

Model the RWH system
performance

Figure 2 | Proposed methodology.

Model the green roof
runoff

sDevelop empirical models

#Define the first flush
*Define the tank volume
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litres per day per person (I/(day.person)). However, this amount includes all water consumption within the city of
Turin, both for residential and non-residential uses and for the residents and visitors (i.e., commuters and tour-
ists). Studies specifically on the domestic water demand at the building level in Piemonte Region (e.g., Busca
2018; Salvatico 2020) estimate a mean water consumption of 150 l/(day.person), varying between 144 and
158 1/(day.person) on weekdays and weekends, respectively. The non-potable water fraction was estimated to
be one-third of the total consumption (Carollo et al. 2022).

Based on previous research on RWH carried out in Turin (Carollo ef al. 2022), the following characteristic
buildings were selected to capture the RWH system’s performance differences:

* Type 1 - roof area = 240 m?; number of individuals = 11 (non-potable water consumption = 0.55 m>/day).
* Type 2 - roof area =460 m?; number of individuals =22 (non-potable water consumption = 1.10 m>/day).
* Type 3 - roof area = 600 m?; number of individuals =29 (non-potable water consumption = 1.45 m>/day).

Complementary to assuming a constant per capita water consumption, two scenarios were considered to model
seasonality:

* Scenario 1 aims to capture households in which non-potable water consumption increases during the summer
months (June, July and August), namely motivated by irrigation needs and the occupants spending more time at
home (e.g., children on vacation while parents work).

* Scenario 2 pretends to capture the alternative situations, in which the occupants are outside the household
during the summer (e.g., vacations outside Turin).

The monthly non-potable water consumption patterns assumed to model potential seasonality effects are pre-
sented in Figure 3. Regarding scenario 1, it was assumed that irrigation represents a water consumption increase
of 15, 30 and 50% in June, July and August, respectively. Since irrigation is a non-potable use, this proportion of
non-potable water end-use during these months is also higher than during the rest of the year. In scenario 2,
a water consumption reduction of 25, 50 and 75% was assumed in June, July and August, respectively. The under-
lying reasoning was assuming that during June and July, the children in the households start their summer school
vacations and go outside of Turin (e.g., friends’ or family houses) for 1 week and 2 weeks, respectively. During
August, it was assumed that all occupants were outside of Turin for at least 2 weeks.

The proposed empirical model for green roof, which transforms rainfall into runoff, has to be calibrated with
observations of green roofs with structure (e.g., thickness of the soil layer) and geographic location that are coher-
ent with the case study, located in Turin, Italy. Therefore, a literature review was conducted to obtain data on
rainfall and runoff from green roofs in Italy using the following combination of keywords in Scopus: ‘green
roof’ and ‘Italy’ and ‘runoff’, resulting in 47 publications (13 in conference proceedings/book series and 34 in
international journals). Some studies, despite the keywords being present, were not focused on the hydrological
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Figure 3 | Seasonal pattern of the non-potable water consumption considered for the various building types.
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performance of green roofs, but rather on other aspects (e.g., greenhouse gas emissions - Lugo-Arroyo ef al. 2024;
thermal performance - Cirrincione ef al. 2021). Several of the references focused on modelling runoff from green
roofs with physical models (e.g., Palla & Gnecco 2019; Pugliese ef al. 2022; Mobilia et al. 2023; Pampaloni et al.
2024). Still, various studies report experimental research on green roofs, but the vast majority do not disclose the
data or just present it in a graphical or aggregated form (e.g., Mobilia & Longobardi 2020; Raimondi ef al. 2023).
From the few studies disclosing the data at the rainfall event level (e.g., Longobardi et al. 2019; D’ Ambrosio et al.
2022; Pumo et al. 2023), the study by Palermo et al. (2019) was selected since it has the largest (in terms of the
number of rainfall events) and most complete (in terms of the number of variables) dataset. In the present work,
linear and non-linear multiple regression analysis were used to develop empirical models to estimate the runoff
from green roofs using SPSS, version 29. The models were developed to estimate directly the runoff or indirectly
the runoff coefficient (runoff/rainfall). The best subsets and Akaike Information Criterion were used to select the
variables to include in the models.

The typical mass balance model (e.g., Silva et al. 2015) was used to simulate the RWH system performance,
only changing the way in which the first flush is accounted for. First flush diversion is an important part of
the RWH process regarding the quality of the collected water. Typically, the first millimetres of rainwater that
are collected from the roof during a rainfall event are the most polluted and should be discarded before entering
the RWH tank. From a computational viewpoint, however, the first flush is just a volume of water that is not con-
veyed to the rainwater tank; thus it can possibly be considered as an ‘initial loss’ and aggregated to the other real
initial losses (e.g., evaporation/evapotranspiration and retention due to roof type - traditional or green roof,
materials and slope). Most research efforts, in fact, either account for the first flush in an overall constant
runoff coefficient (e.g., Bashar et al. 2018; Geraldi & Ghisi 2018, 2019; Khan et al. 2021) or discount a constant
first flush amount every day (e.g., Carollo et al. 2022). Herein, the first flush was modelled at the rainfall event
scale, because (i) assuming an overall constant runoff coefficient is not compatible with the variable runoff
from the green roof and (ii) it is reasonable to assume that during rainfall events lasting for several days, there
is no need to discharge the first flush every day. In this context, rainfall events were considered independent if
there was an antecedent dry weather period (ADWP) of at least 24 h. Other authors (e.g., Stovin et al. 2012)
use a 6h interval to identify independent rainfall events when studying green roofs, but the rainfall data is
only available at a daily resolution in the gauge stations that are selected. This is a very common restriction of
the rainfall data available from most official sources of information, particularly when looking at long record
series. Nevertheless, the use of daily rainfall data is not a limitation, given that computations refer to a large-
scale analysis. A wide range of suggested values for the first flush diversion can be found in the scientific litera-
ture, from 0.4 to 8.5 mm (e.g., Texas Water Development Board 2005; Thomas & Martinson 2007), depending on
the initial and desired turbidity of water. For instance, Kus et al. (2010) found that a 5 mm first flush diversion
leads to a quality of water that meets the standards for drinking water. In the present work, the collected rain-
water does not have to comply with drinking water standards, and a first flush that corresponds to the first
2 mm of runoff from the roof, in each rainfall event, has been adopted according to Silva & Ghisi (2016).

In the case of the RWH system combined with a green roof, the runoff was estimated at the rainfall event scale,
and it was assumed that the retention takes place at the start of the event and is not uniformly distributed over the
event duration (i.e., the net-rainfall approach was used). For instance, if the runoff of a rainfall event is estimated
to be 90% of the rainfall amount, the rainfall retained in the green roof is the first 10% of the rainfall amount. This
implies that, for rainfall events that last for several days, after the retention amount is discounted, the runoff will
be equal to the rainfall.

The performance assessment of the combined green roof-RWH system was evaluated using the following
indicators:

(1) Non-potable water savings efficiency (Enpws)

E > NPWS
NPWS =SS NPWC

with

NPWC = CPC x NI x NPWF
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(2) Rainwater retention efficiency (Egg)

£ _XRR
RR*—ZRC

with

RR = GRR + NPWS

CA x RA
RC= 1000

where NPWS is the non-potable water savings (m>/day); NPWC is the non-potable water consumption (m>/day);
CPC is the consumption per capita (m>/(day.person)); NI is the number of individuals (persons); NPWF is the
non-potable water fraction (%); RR is the rainfall retained (m>/day); GRR is the green roof retention (m>/day);
RC is the rainfall collected (m®/day); CA is the collection area (m?); and RA is the rainfall amount (mm/day).
The NPWS is determined by simulating the RWH system operation and represents the portion of the roof
runoff that is not discharged to the sewers as first flush or as overflow from the rainwater tank.

Concerning the replication of this study under different climates, two design parameters need to be defined:
RWH catchment area and water demand of the building. Then, the regression equation for the green roof
runoff estimation should be calibrated based on data for the specific location, which are climate and technology
dependent, since green roof solutions are distinct in different regions of the globe (e.g., substrate thickness tends
to be bigger as the climate becomes drier). As a last step, the well-known mass balance simulation for RWH has to
be applied.
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Figure 4 | Relation between rainfall and runoff (a) and runoff coefficient (b).
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Table 2 | Regression models of the runoff and runoff coefficient of the green roof

Unstandardized

coefficients standardized coefficients 95.0% confidence interval for B
Model B Std. Error Beta t Sig. Lower bound Upper bound
Linear models
Runoff
(constant) 1.654 1.701 0.972 0.337 —1.781 5.088
P 0.757 0.024 1.020 31.986 0.000 0.709 0.804
D —3.462 1.016 -0.109 —3.408 0.001 -5.514 —-1.410
LnADWP —-1.677 0.685 -0.072 —2.449 0.019 —3.060 —0.294
Runoff coefficient
(constant) -0.059 0.040 —1.498 0.142 -0.139 0.021
LnP 0.185 0.011 0.889 16.516 0.000 0.163 0.208
LnADWP —0.068 0.014 —0.259 —4.820 0.000 —0.097 —0.040
Non-linear models
Runoff
(constant) 15.354 5.263 2917 0.006 4.726 25.983
PA1.255 0.227 0.006 1.019 38.785 0.000 0.216 0.239
D70.258 —14.298 5.076 —-0.074 —2.817 0.007 —24.548 —4.047
LnADWPA2.035 -0.597 0.158 —0.091 -3.777 0.001 —-0.916 -0.278
Runoff coefficient
(constant) 0.064 0.033 1.941 0.059 —0.003 0.130
InPA1.427 0.087 0.005 0.892 17.088 0.000 0.077 0.097
InADWPA1.026 -0.070 0.013 -0.275 -5.269 0.000 —0.097 —0.043
100
A
e A A
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Figure 5 | Observed versus forecasted runoff.

3. RESULTS AND DISCUSSION

3.1. Green roof runoff

The rainfall-runoff data from Palermo et al. (2019) are available with a time resolution of minutes, which is
incompatible with the rainfall data available from the gauge stations. As such, the event duration and ADWP

were rounded up to a number of days. As a consequence, the efficiency values resulting from the RWH simu-
lations have to be considered suitable for daily-scale analysis. Also, to be compatible with the rainfall events
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Figure 6 | Non-potable water savings efficiency of RWH for building types 1 (a), 2 (b) and 3 (c).

definition established to compute the first flush, the rainfall and runoff from consecutive days were summed in a
single event. After these transformations, the initial 61 rainfall events were reduced to 45, of which 8 did not pro-
duce any runoff. Figure 4 relates the rainfall with the runoff (a) and runoff coefficient (b) of all the events at the
daily scale.

From the information available in the original data, the maximum intensity was excluded since it is not avail-
able from the rainfall data series, remaining as potential predictors the (i) total rainfall amount during the event
(P in mm); (ii) rainfall event duration (D in days); and (iii) ADWP in days. Additionally, the mean rainfall inten-
sity (in mm/day) and the natural logarithms of P, D and ADWP were calculated. Table 2 presents empirical
models developed for predicting the green roof runoff directly or the runoff coefficient. In the order of
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appearance of the models in the table, the Adjusted R? is 0.974, 0.873, 0.975 and 0.880, respectively, indicating a
better fit of the models using the runoff as a dependent variable.

The sign of the regression coefficients is consistent with what was physically expected: (i) a positive sign for the
precipitation implies proportionally more runoff as the total rainfall of the event increases; (ii) a negative sign for
the duration, since the durations increase for the same total rainfall amount implies a lower rainfall intensity; and
(iii) a negative sign for ADWP, since the moisture content of the soil decreases with the length of the dry period
prior to a rainfall event.

Figure 5 depicts the observed versus predicted runoff of the different models. The Pearson correlation is similar
for all the models and higher than 0.985, which means that the apparent lower fit of the models forecasting the
runoff coefficient does not reflect in the forecast of the actual runoff. The empirical models developed contain
fewer variables, and the fit is higher than the alternative models available in the literature for Italy (e.g., Pelorosso

et al. 2024).
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Figure 7 | Rainwater retention efficiency of RWH for building types 1 (a), 2 (b) and 3 (c).
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For the simulations present below, the model of the linear regression of the runoff coefficient was used since
(i) the correlation between the observed and forecasted runoff is identical to the models of the runoff; (ii) the
model is simpler (parsimony principle); and (iii) it identifies more accurately the precipitation events with no
runoff. Also, the runoff coefficient is physically bounded between 0 and 1, whereas the upper limit of the
runoff is the rainfall, which is not a fixed value.

3.2. Performance assessment

The evolution of the non-potable water savings and rainwater retention efficiencies with tank volume for the
three building types is presented in Figure 6 and Figure 7, respectively. These simulations were done with refer-
ence to non-potable water consumption (without seasonality). Although the efficiencies increase as the tank
capacity increases, an important aspect is the distance between the blue and the orange lines in Figure 6 and
Figure 7. Considering Figure 6, as the storage capacity of the RWH system increases, the non-potable water sav-
ings efficiency loss due to the green roof increases (distance between the two lines), while the gain in rainwater
retention (Figure 7) decreases. These results indicate that the benefits of the green roof are higher for small tank
volumes. The similarity of the results among the three building types is explained by the fact that they show a
similar ratio between the roof area and the non-potable water consumption (ranging between 413 and 436 m?
day/m?®). This implies that there is an almost proportional increase in the rainwater availability and the non-pota-
ble water demand. Rainwater retention efficiency is increased with respect to traditional roofs, especially for tank
volumes smaller than 10 m>.

From a financial perspective, the viability of the RWH system decreases when the slope of the relation between
tank capacity and the non-potable water savings or rainwater retention efficiency decreases, because it shows that
the benefit from investing in a larger tank delivers a smaller increase in benefit. Since a detailed cost-benefit
analysis is outside of the scope of the present study, it is possible, simply by visual observation, to conclude

35
30
25
20
15
10
5
0
BT1 BT2 BT3

Building type [-]

BT1 BT2 BT3

Building type [-]

—_
O
=
92}
o

Non-potabel water savings efficiency [%)]

—
o
=

60

50

40

30

20

10

Rainfall retention efficiency [%]

B Reference W Scenariol ®Scenario2

Figure 8 | Non-potable water savings (a) and rainfall retention (b) efficiency differences associated with different month water
consumption pattern scenarios for a RWH system associated with a traditional roof (tank capacity = 5 m3).

Downloaded from http://iwaponline.com/bgs/article-pdf/doi/10.2166/bgs.2025.041/1570712/bgs2025041.pdf

bv auest



Blue-Green Systems Vol 7 No 1, 249

that the slope of the curves starts to decrease for a tank of roughly 5 m® in volume, for both the traditional and the
green roof. This size of storage capacity corresponds to the non-potable water supply of 3 days (building type 3) to
10 days (building type 1), which is within the storage length recommended to prevent water quality degradation in
the tank. For this tank capacity, the combination of green roof and RWH system would allow savings up to 30%
of the non-potable water consumed and retain at least 65% of the rainwater precipitation on the roof of the build-
ing. On the other hand, a traditional roof would provide water savings above 35%, but would only retain up to
50% of the rainwater. It is worth noting that in Italy, there is a recommendation to select a tank capacity corre-
sponding to 80% of the maximum water savings (Gnecco et al. 2013), which leads to a tank capacity over 10 m>
in this case study. However, this would mean that the rainwater could be stored for up to 20 days, which might
result in water quality issues.

3.3. Sensitivity analysis

Assuming that the optimal tank capacity is around 5 m>, the impact of the water consumption seasonality rep-
resented by Scenarios 1 and 2 defined in Section 2 was assessed. The results are presented in Figure 8 for a
RWH system with a traditional roof and for a RWH system with a green roof in Figure 9. The results indicate
that the seasonality has a limited impact on the RWH system performance, regardless of the combination with
the green roof or not. The results highlight that the building type has a higher impact than the non-potable
water consumption seasonality. The higher performance of building type 1 is explained by the higher rainwater
collection area to non-potable water consumption ratio (436 m? day/m?, against 418 m? day/m® for building type
2 and 413 m? day/m? for building type 3). This implies that for the same non-potable water consumption, more
rainwater can be collected in building type 1 (since the area available is larger and the rainfall is the same). This
also indicates that the rainfall pattern is distributed over time and, for this tank capacity, an increase in the
amount of rainwater collected does not result only in tank overflow.
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Figure 9 | Non-potable water savings (a) and rainfall retention (b) efficiency differences associated with different month water
consumption pattern scenarios for a RWH system associated with a green roof (tank capacity = 5 m°).
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The lower performance associated with Scenario 2, with or without a green roof, is explained by the fact that
the rainfall amount during the summer months is larger than during the winter months in Turin. Consequently, in
Scenario 2, there is less rainwater available when the non-potable water consumption is higher, explaining the
performance difference obtained. This also implies a seasonal variation of the performance of the RWH
system, both with traditional (Figure 10) and green (Figure 11) roofs.

As expected, the wetter months allow for higher non-potable water savings, but lower rainfall retention. The
performance differences between traditional and green roofs are according to the annual performance results.
However, it is noticeable that there is a greater variability in the rainwater retention efficiency when the RWH
system is associated with a green roof. This is explained by the fact that the retention of the green roofs decreases,
in percentage, with the rainfall. When the retention capacity of the green roof is exhausted, all remaining rainfall
will be converted into runoff, which is more likely to occur when the rainfall event is intense. Additionally, in
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Figure 10 | Monthly variability of the efficiency of the RWH system associated with a traditional roof for building types 1 (a),
2 (b) and 3 (c) (tank capacity =5 m®).
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Figure 11 | Monthly variability of the efficiency of the RWH system associated with a green roof for building types 1 (a), 2 (b)
and 3 (c) (tank capacity =5 m3).

wetter months, the initial retention capacity tends to be reduced, since the green roof may not have time to dry
between rainfall events.

Lastly, the influence of the rainfall series was assessed by comparing the results obtained with the data from the
Pino Torinese station. Not only is this station located at a much higher altitude, but the average annual precipi-
tation recorded is the lowest (709 mm) from any rain gauge station near Turin and presents the biggest absolute
difference to the Caselle station (on average, a difference of 129 mm per year). Despite the 15% difference in
terms of annual rainfall, the performance estimates vary between 5 and 10%, for RWH systems associated
with traditional roof (Figure 12) and with green roof (Figure 13) alike.

Overall, the most relevant variability results from the building type and the consumption pattern. The monthly
variation is large, but expected, and does not affect the decision regarding investing in the RWH system from the
perspective of the building owner. It does, however, influence the assessment of the potential contribution of
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these solutions towards flood risk reduction since it was observed that their combined water retention efficiency
decreases non-linearly with the magnitude of the rainfall event.

3.4. Generalized relations

To enable an estimate of the performance of a RWH system installed in Turin, associated with a traditional roof
(Figure 14) or a green roof (Figure 15), generalized relations were established considering two parameters: (i) the
ratio between the rainwater collection area and the non-potable water consumption; and (ii) the ratio between the
rainwater tank capacity and the non-potable water consumption. The range of values selected aimed at covering
the most common situations. The three building types identified by Carollo ef al. (2022) have rainwater collection
area to non-potable water consumption ratios of around 400. It was assumed that in residential buildings, it is
more probable that smaller ratios would be associated with single-family houses or high-rise buildings. Higher
ratios imply buildings with large garden areas and few residents, which are associated with high-value detached
houses. Also, high-value detached houses tend to have gardens, pools and other features that increase the
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potable water savings efficiency (a) and rainwater retention efficiency (b).
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Figure 15 | Generalized relations to estimate the RWH system performance with green roof performance in terms of non-
potable water savings efficiency (a) and rainwater retention efficiency (b).

proportion of non-potable water consumption. Regarding the rainwater tank capacity to the non-potable water
consumption ratio, a value of 0.5 represents the capacity to store rainwater to supply 50% of the daily non-potable
water demand, and a value of 10 represents the capacity to store rainwater for 10 days. Below a ratio of 0.5, the
results of a daily simulation may be prone to error and storing rainwater for 10 days may lead to water quality
issues. These ratios enable the identification of combinations that yield identical performances.

4. CONCLUSIONS

The growth of population and urban spaces is increasing the pressure on the public water infrastructure, both for
water supply and stormwater drainage. This led decision makers to adopt more holistic approaches, integrating
both centralized and decentralized solutions. Two common decentralized solutions at the building level that are
being promoted by municipalities throughout the globe are RWH and green roofs. These solutions have been
extensively studied from multiple perspectives (e.g., financial performance, environmental performance,
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technical performance - hydrologic and thermal), but in most cases, these perspectives have been considered in
isolation.

Since the water supply and stormwater management are the most common drivers for the implementation of
RWH, the present research aims at assessing the combined performance of RWH and green roofs in these two
dimensions, providing a planning-level tool useful for policymakers. The city of Turin was used as a case study,
but the approach proposed is applicable in other contexts. Still, it has a limitation which is the need for data from
monitored green roofs to develop an appropriate empirical model to estimate the runoff from the green roof.
However, the large majority of the green roofs tend to be of the extensive type, due to their lower implementation
and operation cost, but mostly to their lower weight. The additional weight of the green roof plays a decisive role
in the decision-making process, considering the impact that it may have on the structure of the building, particu-
larly in seismically active regions. For this type of green roof, there are already numerous experimental studies in
many climate contexts (e.g., see Zheng ef al. 2021 for an extensive review) that allow for, at least, a crude approxi-
mation in most contexts.

In Turin, the analysis of a group of typical buildings shows that the advantages of the combination of RWH and
green roofs decrease with the increase of the RWH system storage capacity. This is a positive result for the com-
bination of these two solutions, considering that RWH tanks are the most expensive component of the RWH
system, and large rainwater retention periods may induce water quality issues.

The sensitivity analysis shows that both the seasonality of water consumption and the use of rainfall data from
different weather stations have a limited impact on the RWH system performance, regardless of the combination
with the green roof or not. Furthermore, the monthly variation of performance is large, but expected, and does
not affect the decision regarding investing in the RWH system from the perspective of the building owner.

Using the non-potable water consumption to calculate two ratios with the other two governing parameters of a
RWH system, generalized relations were developed to enable a simple estimation of a RWH system in Turin with
either a traditional or a green roof.
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