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Abstract: Storage tanks from rainwater harvesting systems (RWHs) are designed to provide flow
equalization between rainfall and water demand. The minimum storage capacity required to take into
account the maximum variations of stored water volumes, i.e., the active storage, depends basically
on the magnitude and the variability of rainfall profiles and the size of the demand. Given the
random nature of the variables involved in the hydrological process, probability theory is a suitable
technique for active storage estimation. This research proposes a probabilistic approach to determine
an analytical expression for the cumulative distribution function (CDF) of the active storage as a
function of rainfall moments, water demand and the mean number of consecutive storm events
in a deficit sub-period. The equation can be used by developers to decide on the storage capacity
required at a desired non-exceedance probability and under a preset water demand. The model is
validated through a continuous simulation of the tank behavior using rainfall time series from Milan
(Northern Italy).

Keywords: rainwater harvesting systems design; probabilistic design; stochastic rainfall process

1. Introduction

Demand for freshwater is rising with population growth and climate variations, result-
ing in water availability uncertainty in the near future [1]. Climate change leads to rainfall
patterns alterations, increasing the frequency of extreme storm events and droughts [2—4].
Additionally, urban area sprawling and soil-sealing processes reduceinfiltration and evapo-
transpiration, increasing runoff peak flow and volume leading to more frequent floods [5-8].
Sustainable water management strategies encourage the adoption of non-conventional
water resources, reducing the use of freshwater and stormwater on-site management as
flood mitigation [9].

Harvested rainwater is an alternative water resource that can be used to supply for
cases where drinking water is not required, such as irrigation, toilet flushing, cooling
tower, fire suppression, washing machines and street washing, increasing the resiliency
of urban water resources [10]. With additional treatment and higher costs, rainwater can
also be used to meet potable water demands such as drinking, cooking, handwashing and
bathing in case of freshwater scarcity [11,12]. Rainwater harvesting systems (RWHs) also
serve as detention/retention for roof runoff that would otherwise be discharged directly
to the drainage system, contributing to stormwater peak flow and volume control [13-16].
Stormwater volume control results in increasing receiving water quality, or by reducing
untreated stormwater discharge on watercourses in the case of a separated sewer system
or reducing the frequency of combined sewer overflows in the case of a combined sewer
system, as is normally the case in Italy [17]. By reducing drinking water consumption,
environmental impacts and costs related to water abstraction and purification are also
reduced [18]. Incorporating RWHs provides multiple benefits for resilient, sustainable
urban areas, from better use of water resources to flood and watercourses pollution control.
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A rainwater harvesting system collects, concentrates, stores and treats rainwater from
rooftops for on-site use, as shown in Figure 1. The storage tank can be either in the form
of rain barrels for small-scale applications or cisterns in a large building. Once captured,
collected rainwater can undergo treatment on physical and biological parameters through
processes, including filtration, disinfection and other treatment strategies. The level of
treatment required depends upon the type of use and local policies. Normally, a method
for backup supply with municipal drinking water is present for periods of deficit, ensuring
the water demand from users.
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Figure 1. Scheme of a rainwater harvesting system.

Among the components of RWHs, storage tanks are the most critical components
for design, affecting user acceptance and the performance of the system. In the literature,
several procedures have been proposed for storage tanks modeling and design [19-23].
They can be classified in the following categories: (i) simplified methods based on user-
defined relationships, (ii) continuous mass balance simulations and (iii) statistical methods.

Simplified methods, designated as preliminary design techniques, can be used for rapid
assessment, but their results should adjust with continuous simulation to account for the
stochastic nature of rainfall and the equalization process within the storage unit [21,23,24].
They rely on simplifying assumptions, such as assuming releases to be constant and not
considering the probability of failure or the variability of rainfall. Preliminary methods
are useful tools to obtain a first estimation with few inputs. Examples are “demand-side”
and “supply-side” approaches. The classical “demand-side” procedure calculates the
rainwater tank volume as the total water demand during the longest water scarcity period,
not considering the stochastic nature of the precipitation process at all. The design, in
this case, is not related to the probability of failure represented by shorter or longer dry
periods [25]. Additionally, the model assumes adequate rainfall and catchment area and
neglects the possibility that inflows between dry periods are not enough to meet the water
demand, especially when water demands are significant. Due to these assumptions, results
can provide a less reliable water supply than expected and the tank may be overestimated.
A variation in the “demand-side” has been developed in the United Kingdom [26]. The
“supply-side” approach assumes the storage unit volume to contain the whole stormwater
volume from the wet season within a year. By neglecting the demand, this method tends to
overestimate the storage capacity.

Models based on continuous mass balance simulations are more accurate than simpli-
fied methods as they consider the whole rainfall process, incorporating seasonal fluctuations
and the variability of water demand [10,25,27,28]. These methods rely on algorithms that
describe the operation of the storage unit balancing inflows and outflows. The results
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accuracy, in this case, is strongly conditioned by the availability of long recorded rainfall
time series.

Analytical-probabilistic approaches based on the stochastic nature of storm events
relate design variables to a probabilistic level, proving the risk of failure, and can be used
as a design tool with an accuracy related to a continuous simulation. These methods
require as input the main statistic of rainfall data, i.e., rainfall depth, rainfall duration
and interevent time, eliminating the need for long-term rainfall time series that are often
unavailable. Probabilistic approaches were first suggested to model stormwater storage
units for flood control but then were applied for multiple systems managing stormwater,
such as green roofs, permeable pavements, infiltration trenches and RWH systems [29-39].
Recently, an equation applicable for different stormwater management systems obtained
from the analytical-probabilistic was suggested [40]. Concerning probabilistic approaches
developed specifically for RWHS, [41] proposed a model useful to estimate the required
rainwater storage as a function of desired water use rate, reliability and local climate. In
deriving these formulas, authors represented local climate characteristics by probabilistic
models and incorporated them into the stochastic description of storage unit operation.
A stochastic model for RWHs was also developed by [42] to quantify the water supply
reliability and stormwater capture efficiency of RWH systems representing the input rainfall
series as a marked Poisson process. Another contribution was given by [30] that proposed
a probabilistic estimation of the active storage of rainwater tanks as function of main
moments, expected value and variance, of daily or monthly rainfall depths and the number
of rainy days in the reference analysis period. Recently, [32] developed, through stochastic
integration, probabilistic equations for RWHs expressing the water balances variations,
post-rainfall RWSU full-storage probability and system reliability with random rainfall
features and variable water demands.

This research proposes a new probabilistic approach to estimate the CDF of the active
storage assuming necessary storage capacity for flow equalization on a RWH under the
assumption of constant water demand. The developed equations are functions of the
stochastic rainfall process (expected value and standard deviations of rainfall depth, rainfall
duration and inter-event time), water demand volume and the mean number of consecutive
rainfall events in a deficit sub-period. The probabilistic nature of the method, based on the
stochastic process of rainfall events, provides a reliable design tool for RWHs, relating the
storage capacity to a probability level.

2. Materials and Methods
2.1. Probabilistic Modeling of a Rainwater Tank

Although generally tanks in hydraulic systems can perform different functions, for
RWHs, the main role is flow equalization. An equalization tank function as a buffer
compensating inflow and outflows fluctuations. During the flow balancing period of tank
T, surplus sub-periods, where inflows are higher than the outflows, and deficit sub-periods,
where outflows are higher than inflows, alternate continuously. Inflows, in case of a
rainwater tank, are related to the rainfall pattern over time, while outflows represent water
demand profile for non-potable use. The active storage W of a tank, for a certain T, is the
minimum storage capacity required to take account of the maximum variations of stored
water volumes and is defined by the critical period as the longest period where the tank
goes from completely full to empty.

The equalization of the fluctuations of supply and demand during an indefinitely long
period of time is feasible thanks to the ability of the tank to store the exceeding water during
surplus sub-periods and release this water volume during successive deficit sub-periods.
The variation of the storage volume is different in each surplus and deficit sub-period. It is
positive during sub-surplus periods and negative during deficit ones. The active storage W
for a flow balancing time period T can be determined by analyzing the maximum variations
of the storage volume over the period of time T. Positive variations can be theoretically
illimited, depending mainly on rainfall process. However, in each surplus sub-period, there
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is no need to store more water than the difference between outflows and inflows in the
successive deficit sub-period. Negative differences cannot be greater in modulus than the
total demand during the longest deficit sub-period. In this sense, the maximum value of W,
Winax, is:

Wiax = D-T 1)

where D represents the average water demand for non-potable use.

For this reason, a widely commonly adopted method for the evaluation of the capacity
of a storage tank is to take it equal to the total water demand during the longest deficit
period, i.e., taking it equal to Wy;,y. This is called “demand-side” approach. This approach
falls on the mentioned simplified methods and may overestimate the active storage volume
since it does not take into account the inflows contribution, which in most cases is present
even in deficit sub-periods.

A more accurate approach consists of evaluating the active storage volume of a generic
rainwater tank in surplus conditions—when cumulative inflows are higher than cumulative
outflows over the period T—as the maximum difference between cumulative outflows
and inflows during deficit sub-periods, considering the stochastic nature of the variables
involved in the process. The development of this new probabilistic approach, useful to
evaluate the CDF of the active storage, is based on the simplified assumption that outflows
from the storage tank are constant over time and equal to the average water demand for
specific water reuse. A more detailed estimate of water demand, considering its variability,
would not be easily obtainable due to the number of factors involved in the process. For
example, domestic uses vary according to the (random) number of users, to their life habits,
to seasonal weather changes, etc. However, regarding the hypothesis of constant water
demand, [43] tested that for the toilet water demand considered in the present study, the
daily toilet use pattern in residential households is rather constant during the year.

The input variable to the probabilistic approach is rainfall. Independent rainfall
events should be identified from a continuous series of rainfall data. Several methods
are mentioned in the literature for storm events separation. A common criterion used by
hydrologists is the minimum inter-event time (IETD) which consists of the minimum dry
period between consecutive storm events that characterizes them as independent [44-47].
Once an IETD is selected, the independent storm events are separated by analyzing the
entire rainfall time series: if interevent time between two consecutive rainfall events is
smaller than IETD, the two storms are combined in a single event; otherwise, they are
considered independent. The definition of the IETD depends upon catchment response.
For small urban catchments with small concentration times, IETD are between 1 to 12 h,
whereas, for large anthropized or rural catchment, IETD can be several hours. In this study,
an IETD equal to 1 h was selected as RWHs are installed on small catchment with short
concentration times.

Let us consider a generic sub-period in T, in which # consecutive chained independent
rainfall events occur. The variable 7 is a discrete upper bounded random variable defined
in the domain of natural numbers. So, n € [, N|and N < T/IETD. Let us also define the
non-monotonic function A(n) as:

M=

I
—

A(n) =Y [D-(6; +d;) —h] = )_A(1) 2)

where D is the average water demand (mm/day), 6; is the ith rainfall event duration (days),
d; is the ith interevent time (days) and /; is the ith rainfall event depth (mm).

If i, 6 and d are independent, first and second moment of the function A(n), i.e.,
expected value and variance, can be determined as follows:

E[A(1)] = u(D1) = D-(po + pa) — B 3)

VAR[A(1)] = 7*(81) = D> (0 +03) + o @)
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E[A(n)] = ua = n-E[A(1)] ©)
VAR[A(n)] = 03 = n-VAR[A(1)] (6)

where D is the non-potable water demand (mm/day), pg, p4, 4, are sample mean rainfall
event duration (days), sample mean interevent time (days) and sample mean rainfall
event depth (mm), respectively, 02, 03, 02 are sample variance of the same meteorological
random variables and # is the mean number of consecutive rainfall events in the considered
sub-period of analysis.

At the end of a deficit sub-period T, the cumulative water demand is greater than the

cumulative inflow to the tank, so the following condition must hold in T:

n

(6; +d)>2hl- (7)

1 i=1

M:

i

thatis, A(n) > 0in Te.
For this condition, the active storage W can be expressed by the following relationship:

AF(n) = [A(n)|A(n) >0] = W ®)

The function A™ () defines the difference between the cumulative water demand and
the inflow to the tank at the end of the deficit sub-period T.. Applying the probabilistic
approach to the analytical Equations (2) and (8) allows the estimation of the cumulative
distribution function (CDF) of the active storage Fiy = Fa+. The first step is the definition
of the probability distribution function for the modeling of the random variable A(n). To
this scope, a normal distribution function is assumed:

Fagny(x) ~ N(pa, oa) )

2

fam (0) = — e 2 (0
An) B N 2.7

where Fy(,,) and f,(,,) represent the cumulative distribution function and the probability
density function of the random variable A(#), respectively.

With this assumption, expected value and variance of the random variable A™ (1) can
be computed as:

(10)

St xefa(x)de  pa =[O0 x falx)-dx

FM Ol = =T m T 1-RO o
VAR[A*(n)] = 02, = fooo(xz K Ap):@(x)'dx (12)
where: )
/Omfo( )z = 2o [ERF(\/U)H]JF;Z%JZ% (13)
Ji° e = oo = 3G+ oR)-[ERP(G2) +1] + 2 =
G )

rfere(p) +1] 2
[ix

F(s)

_p ~ 2-67’(2
ERF(x \F/ 21 ﬁ-(x+ x2+4/n> (15)

+
el
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Assuming an exponential distribution for the random variable AT, the cumula-
tive distribution function of the active storage Fiy can be finally computed through the

following expression:
Fw(w) = Far (w) ~ exp(pa+) (16)

Equation (16) allows to determine the cumulative distribution function of the active
storage Fyy for a generic rainwater tank under the assumption of constant water demand
through the proposed analytical-probabilistic method. This approach gives the possibility
to adjust the design of rainwater system to a predefined level of failure risk considering
the whole stochastic process of rainfall events. The flowchart in Figure 2 summarizes the
procedure for Fyy determination through the analytical-probabilistic method.

PROBABILISTIC APPROACH

l

Input Data: 4a,9s.IETD.D,n

l

1) Identification of independent events for
the selected IETD and determination of

He, Ud, Hn. 04,93, O,

v
2) Evaluation of n for the selected D

A4

3) Determination of

u(4, ), 0*(A,). py, of with Equations (3), (4), (5) and (6)

\d

4) Determination of
Fym) (), fagm (x) with Equations (9) and (10)

5) Determination of

pat with Equation (11)

6) Determination of
F,y(w) with Equation (16)

Figure 2. Flowchart of the proposed probabilistic method.
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2.2. Continuous Simulation

To validate the proposed probabilistic method, a continuous simulation based on the
Yield Before Spillage (YBS) operating rule was carried out, according to the
following equations:

W; = min{wi1 + Vgﬁ ~Wui (17)
. W
Wy = mind it 18

where W; is the storage volume at time step i, W;_; is the storage volume at time step i—1,
Wi; is the inflow volume at time step i, Wyy; is the yield at time step i, C is the storage
capacity and D; is the water demand at time step i.

The tank operation was simulated at event scale from 1971-2017 to identify all the
deficit sub-periods. For each deficit sub-period, the number of events within and the maxi-
mum positive difference between the cumulative outflows and the cumulated inflows were
calculated. The parameter # to be used as input of the probabilistic model (Equation (16))
was assumed equal to the mean number of events in a deficit sub-period.

The differences between outflows and inflows represents, for each deficit sub-period,
the total water release. These water releases constitute the empirical samples of storage
volumes and were used to model their empirical cumulative distribution function through
the Kaplan-Meier estimate.

2.3. Model Validation

The continuous simulation and the results obtained with the probabilistic approach
were compared using Normalized Root Mean Square Error (NRMSE). To test the potential
of the proposed probabilistic method, the results were compared to the “demand-side”
simplified approach. According to the latter method, volumes were obtained as the product
between the water demand and the longest average dry period. Through the continuous
simulation, volumetric reliability indexes Iv were also evaluated considering both design
methods. Iv was calculated as the ratio between the total water supplied and the total
water demand.

2.4. Application

The proposed approach was tested considering a hypothetical rainwater tank located
in Milan, Italy, connected to a practically impermeable roof (¢ = runoff coefficient). The
modeling considered the rainfall time series recorded at the Milano-Monviso rain gauge
station in 47 years (1971-2017), with an average annual precipitation P of 1033 [mm] and
a mean of 142 rainfall events per year. Data were recorded with a time resolution of
1 min and a depth resolution of 0.2 mm for a total of 24,720,480 records analyzed. Missing
values from the period 2005-2017 were estimated through the inverse distance (reciprocal
distance) weighting method (IDWM) considering the nearest neighbor gauging stations of
Gattamelata, Sacco, Marino, Sondrio [48]. The rainwater harvesting system is assumed to
use rainwater collected from building rooftop for toilet flushing. Three constant rates of
water demand (D = 1.2, 1.6, 2 mm/day) were considered. Assuming a rooftop catchment
area A =250 m? and an average consumption of 20 L/day per person for toilet flushing,
those values correspond to a total water demand of 15, 20 and 25 users, respectively. The
water demand scenarios analyzed are related to different ratios between mean annual water
demand and mean annual water supply from rainfall (Table 1).
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Table 1. Mean annual water demand Ay as a percentage of the mean annual water supply Ag for the
different demand scenarios considered.

Case D (mm/day) Ag 1 (mm) n° of Persons 2 As 3 (mm) Ag/Ag (%)
(a) 1.2 438 15 929.7 47
(b) 1.6 584 20 929.7 63
(o) 2.0 730 25 929.7 79

1 Average annual water demand. 2 Assuming an average need for toilet flushing of 20 L/day per user. 3 Average
annual water supply (As = ¢-P where P is the mean annual precipitation).

3. Results and Discussion

Referring to the flowchart in Figure 2, the first step was to identify the main statistics of
the independent storm events that were then used to estimate expected values and variances
of the random variables A(n) with Equations (5) and (6) and A™ (n) with Equations (11)
and (12). A IETD equal to 1 h was assumed to identify independent storm events from the
long-term historical rainfall series recorded in Milan (1971-2017), neglecting rainfall depths
below 0.2 mm to account for sampling errors. The average and standard deviations for
rainfall depth (h), rainfall duration (8) and interevent time (d) are gathered in Table 2.

Table 2. Average values and the standard deviations, per event, of the three rainfall variables used in
the modeling (rainfall depth h, rainfall duration 6, and interevent time d).

Milan (1971-2017) 1

ty, [mm] 7.17
uo [days] 0.14
uq [days] 2.29
Op, [mm] 11.98
op [days] 0.20
o4 [days] 4.34

! Rainfall time series from Milano-Monviso gauge station.

To test the hypothesis of independence between rainfall variables, the correlation
indexes were obtained and gathered in Table 3. While the correlation between rainfall depth
and interevent time and between interevent time and rainfall duration are negligible, the
correlation between rainfall depth and duration is significant. Although copula functions
are used to model the statistical dependence of rainfall event variables, they are not used in
this research since their complexity in this case does not lead to significant improvement in
results [49].

Table 3. Correlation index among rainfall depth and rainfall duration (py, ), rainfall duration and
interevent time (pg 4) and rainfall depth and interevent time (py, q) in Milan.

Correlation Index

Phe () 0.714
pg/d (-) —0.005
ph,d (-) 0.018

The following input necessary to the method application was the parameter n. It
was assumed, for the required water demand, equal to the mean number of events in
a deficit sub-period. The parameter n tends to increase with demand since as demand
increases, so does the possibility of having more consecutive events in deficit conditions.
The identification of the number of events on each deficit sub-period was held by using the
continuous simulation with the operating rule in Equations (17) and (18) with sufficiently
large storage to avoid spills and then obtaining the average value. The results obtained
were 1.42, 1.51 and 1.56 for D = 1.2 mm/day, D = 1.6 mm/day and D = 2.0 mm/day,
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respectively. The values used as input for the model were adjusted during model validation
and are reported in Table 4.

Table 4. Values of the parameter 7 as function of water demands.

D (mm/day) Parameter n (-)
1.2 1
1.6 1
2 2

As all required inputs for the model were defined, as in step 3 of the flowchart (Figure 2),
Equations (3)-(6) were used to obtain (A1), a?(Ay), UA, oa% and afterwards (step 4) using
Equations (9) and (10) to obtain F ) (x), fa(m)(¥), and pa+ with Equation (11). At this point,
the CDF of the active storage Fyy (w) was estimated with Equation (16). The obtained Fyy (w)
for the defined water demands and rainfall data from Milan are shown in Figure 3.

T T T T T T T T T

0.9 4 -1
0.8 4 .
0.7 4 .
06 D = 1.2 mm/day NRMS = 0.026]
5 (s ] Modelled
Zo

— — - Continuous simulation
0.4

03
02
U

0.1 4

0 10 20 30 40 50 60 70 80 90
W (mm)
T T T T T T T T T
I R _———
0.9 g ]
-
-
0.8 I/ -
7/
0.7 4 '’ 4
4
~0.6 D = 1.6 mm/day NRMS = 0.051
205 Modelled
Z 0.5 . . .
” — — - Continuous simulation
04 e
[
034 f B
!
024, 4
0.1 B
0 T T T T T T T T T

W (mm)
T T T T T T T T T
14
0.9 > J
0.8 B
p
P
0.7 4 7, 4
7
~0.6- 55 D = 2.0 mm/day NRMS = 0.021
2 05 ] /! Modelled
= / — — - Continuous simulation
044 1 B
/
!
034, J
]
024 J
0.1, b
0 T T T T T T T T T
0 100 20 30 40 50 60 70 8 90
W (mm)

Figure 3. Empirical CDF from continuous simulation and modeled CDF of the active storage W of
the tank for different water demand (D = 1.2 mm/day; D = 1.6 mm/day; D = 2.0 mm/day).
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An empirical distribution function obtained from the continuous simulation was
then used to validate the model Fyy (w). The continuous simulation was held with the
operation rule in Equations (17) and (18) on a storm-event-based step with a storage
capacity sufficiently large to avoid spills, obtaining the active storage after each event. The
empirical distribution function from the continuous simulation of active storage is plotted
on Figure 3.

The proposed model provides a good estimation of the active storage CDF when com-
pared with the empirical data from continuous simulation, with Normalized Root Mean
Square Error (NRMSE) of 0.026, 0.051 and 0.021 for D = 1.2 mm/day, D = 1.6 mm/day and
D =2 mm/day, respectively. The theoretical model for the CDF of active storage, com-
puted with Equation (16), seems particularly satisfactory for a cumulative non-exceedance
probability greater than 0.8. For lower probabilities, an overestimation is observed. This
overestimation could be explained by the high number of single events with deficit condi-
tions, especially for the lower values of water demand D. In this case, the approximations
used in the model are more relevant with respect to the averaging effects in longer sub-
periods (sub-periods of more than one event). The proposed model, by giving the CDF
of the active storage during a sub-deficit period, can be used as a design tool where the
selected volume is related to a non-exceedance probability, commonly represented as a
return period on stormwater management designs. Table 5 shows the volumes obtained
with the model for return periods from 2 to 50 years, considering a contribution area of
250 m? and volume in m3. A volumetric reliability index (I,) was obtained as the ratio
of total volume supplied and requested. The volume supplied was estimated using the
operating rule in Equations (17) and (18) for the selected volumes from the entire historical
long-term rainfall series. The I, obtained for the rainfall series from 1971-2017 in Milan,
considering the three demands refer on this study, showed agreement with the probability
obtained from the model, as can also be observed in Figure 4, assessing that the model
provides accuracy comparable with continuous simulation using an analytical equation.
Decisionmakers can use this methodology coupled with a cost-benefit analysis to establish
the optimal level of probability of failure for each project, for example, by considering local

water tariff and tank costs per m3.

Table 5. Volumetric reliability indexes (I) as function of water demand and return period T obtained
with probabilistic model and the “demand-side” approach (Ds).

D =1.2 (mm/day) D =1.6 (mm/day) D =2 (mm/day)

T (years) F() W (m?) Ly (-) W (m?) L (-) W (m?) L ()
2 0.5 1.42 0.53 1.58 0.47 248 0.50

5 0.8 3.26 0.74 3.60 0.66 5.40 0.67

10 0.9 473 0.82 5.18 0.74 7.88 0.75

20 0.95 6.08 0.86 6.75 0.80 10.13 0.80

50 0.98 8.33 0.91 8.78 0.85 12.83 0.84
Ds 15.60 0.97 20.80 0.95 26.00 0.92

A typical design method for RWH systems, the “demand-side” approach (Ds) was
then applied for the water demands considered, with W and I, obtained, as shown in
Table 5. Considering the volume for T = 50 years from Table 5, volumes from Ds were,
respectively, larger of +87.39%, +137.04% and 102.73%. The overestimation observed with
the Ds approach can be explained by the fact that the methodology completely neglects
the rainfall stochastic process and defines the volume basely solely on the longest dry
period, while the probabilistic approach presented considers the alternation of inflows and
outflows and the consequent deficit sub-periods or surplus sub-periods. The total storage
capacity designed with the Ds approach may be frequently unused, as the available inflow
is insufficient to fill the tank completely. For large-scale projects, this unused volume is
translated as a considerable cost factor that does not reflect proportionally on the I,,. For this
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reason, normal Ds is used as a preliminary design tool that is then adjusted with long-term
continuous simulations. However, long-term rainfall data is not often available, neither
RWH projects are held by hydrology specialists. The probabilistic approach presented in
this research gives a relatively simple analytical equation that can be used as a design tool
but provides robustness comparable to continuous simulation.
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Figure 4. Active storage CDF obtained with the probabilistic model for different demands and
volumetric reliability index (Iy).

The proposed method has some limitations. Equation (16) is a function of the param-
eter n and of the statistics of rainfall events. However, both n and the rainfall statistics
of the meteorological variables associated with rainfall events were calculated from the
continuous simulation of 47-year rainfall sires that are not always available. Future research
could further investigate the n-parameter for different rainfall regimes and demands to
evaluate the possibility to establish a priori this parameter. As for the availability of the
rainfall main statistical characteristics, future research could test the method with shorter
rainfall series or different time resolutions scales. Moreover, considering the dissemination
of probabilistic approaches as the current stormwater policies and regulations tend to
encourage the use of stormwater control with storage and infiltration, these parameters
could become eventually available from local authorities as is currently happening with
the Intensity-Duration-Frequency (IDF) Equation. In alternative, these parameters could be
estimated from IDF equations. Furthermore, the complexity of the equations used for the
probabilistic approach leads to the possibility of developing specific software to facilitate
the use of those methods from local developers.

Additionally, for the development of Equation (16), the base assumption was that
exponential distribution of the data proved to be reasonable with the application and
validation of the model using the Milan rainfall series. Applications using additional rainfall
series should be provided to assess the validity of this assumption in different scenarios.

This research used constant demand during the entire period, as the demand is highly
variable in reality, and future developments could integrate different water demands to
the model.

4. Conclusions

An analytical equation derived from a probabilistic approach was proposed to estimate
the cumulative density function active storage for a storage tank to be used in RWHs. The
approach aimed to reproduce the whole stochastic process of storm events in a synthetic
mathematical formula. The proposed equation for the tank active storage is derived as a
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function from moments of the rainfall process, the water demand and the mean number of
chained events in a sub-periods with deficit conditions. Relating the volume of equalization
to these parameters and to a probabilistic level makes the formulas interesting as design
tools. Additionally, the method can be an alternative when sufficient long rainfall time
series are not available for continuous simulation. Using the proposed equations, however,
the probabilistic estimation of the active storage of the tank under the assumption of
constant water demand is possible only if the main moments, expected value and variance,
of rainfall events as well as the mean number of events in a deficit sub-period is available.
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