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Water efﬁciency and economic assessment of domestic
rainwater harvesting systems in buildings with one- to
three-ﬂoor elevations
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ABSTRACT
The focus of the paper is the evaluation of the performance of domestic rainwater harvesting (DRWH)
systems in multi-family buildings with one- to three-ﬂoor elevations by means of a cost–beneﬁt
analysis. The rainwater is here used for both indoor and outdoor non-potable water consumption.
The study was carried out with reference to different residential building typologies (ﬂat and
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condominium) in a speciﬁc local climate condition (Ancona). The buildings are characterized by
different rooftop areas (100–400 m2), building ﬂoor elevations (one to three ﬂoors) and inhabitant
numbers (3–54 persons). Moreover, in order to highlight the role of the tank capacity on the
performance of DRWH, its capacity was changed in the range 50–200%. The combinations of all these
parameters led to 276 test cases. The technical performance is evaluated by means of the water
saving and retention efﬁciencies. The economical assessment is provided by comparing the costs and
the savings due to the replacement of the water supplied with the rainwater. It is found that the
payback periods changed in the range 10–35 years for the site-speciﬁc variables such as local rainfall
and water service tariff. Cost–beneﬁt analysis can help the design of DRWH systems, with particular
attention to the sizing of the tank.
Key words

| cash ﬂows, domestic rainwater harvesting, payback period, water efﬁciency, water
storage tank

INTRODUCTION
The use of collected rainwater systems to support human

watering. A signiﬁcant amount (up to 30%) of water in resi-

non-potable consumption has been increasing in recent

dential buildings (estimated currently to be 150 l/person per

years. The primary reason for the use of domestic rainwater

day) is typically used for toilet ﬂushing, and about 22% for

harvesting (DRWH) systems is potable water supply substi-

the washing machine (Eslamian ). The water demand

tution (Mitchell et al. ). Pressure on water resources is

for home garden irrigation is usually related to the square

increasing, with growing demand and limited water sources

metres of the garden area, and indeed in the Italian guide-

(Fletcher et al. ). This increasing demand reduces

lines UNI TS/11445–2012 an annual water demand for

freshwater reservoirs (Sazakli et al. ) and it is followed

irrigation of 300 l/m2 is reported.

by the use of lower quality sources (van Roon ). There-

However, water scarcity and need for water supply are

fore, in order to supply the amount of potable water, it is

not the only reasons that have led the municipality to

widely recognized that rainwater can replace it for several

boost RWH system installation. Farreny et al. () provided

less quality-demanding water uses, such as house toilet ﬂush-

a criterion for roof selection in order to maximize the avail-

ing, car washing, terrace cleaning or private garden

ability and quality of rainwater from a perspective of
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sustainable rainwater management. In the last 20 years the

payback periods range from 10 to 21 years. Domènech &

literature shows that RWH belongs to the large family of

Saurí () investigated the economic feasibility of the

detention-based Low Impact Development (LID) or Sustain-

RWH system in single and multi-family buildings in Barce-

able Drainage System (SuDS) approaches and can be

lona (Spain). An expected payback period was found to be

adopted as a complementary measure to reduce frequency,

between 33 and 43 years depending on the tank size in a

peaks and volumes of urban runoff (Campisano et al.

single family building, while in a multi-family building a pay-

). While water efﬁciency modelling approaches of

back period of 61 years is obtained for a tank capacity of

RWH systems have been widely shown to give accurate rep-

20 m3. Silva et al. () found that the payback period can

resentations when daily time-step intervals are used (e.g.

be in the range 15–30 years for a residential building with

Fewkes & Butler ; Campisano et al. ), accurate

a collecting area of about 100 m2 and a tank capacity of

simulations of stormwater retention and runoff control

0.2–2.0 m3. Liuzzo et al. () performed a cost–beneﬁt

should be made with higher resolution (sub-hourly time-

analysis of DRWH in Sicily, ﬁnding payback periods in

steps) as suggested by Campisano & Modica ().

the range 15–38 years when both toilet ﬂushing and irriga-

The need to address objectives that often mutually con-

tion uses were considered.

ﬂict, such as maximizing water saving and empty tank

In the present paper, the evaluation of the payback period

volume for runoff control with minimizing cost, requires

is based not only on the tank storage capacity but also on the

customizing RWH systems in order to maximize their

pump size. Indeed, in speciﬁc cases such as a condominium

return on investment (Campisano et al. ).

with more than one ﬂoor elevation, the pump cost could be

The economic feasibility of a DRWH system depends on

signiﬁcant, due to higher head and, hence, larger size.

a lot of variables, such as rainfall climate regime, rooftop

The main objective of the paper is to investigate the role

surfaces, inhabitant number and water service tariff,

of DRWH systems in multi-family buildings with one- to

hence, different results can be obtained depending signiﬁ-

three-ﬂoor elevations in terms of both efﬁciency (see the

cantly on the local conditions (Ward et al. ). Tank

section on ‘Water efﬁciency’, below) and payback period

storage capacity is commonly considered the most impor-

(see the section on ‘Economic assessment’, below) by

tant cost in a DRWH system (e.g. Khastagir & Jayasuriya

means of a parametric analysis that takes into account differ-

; Ward et al. ). Pelak & Porporato () evaluated

ent rooftop areas, building ﬂoors, inhabitant numbers and

the conditions of optimal cistern size as a function of rainfall

both tank capacity and, as a novel parameter, pump size.

regime as well as ﬁxed and distributed costs under ideal

The cost–beneﬁt analysis can provide useful help to the

operating conditions to provide a benchmark for further

design of DRWH systems. Only direct beneﬁts were con-

analysis of the impact of pricing policies and sustainability

sidered in the present economic analysis.

incentives on water consumption.
Life Cycle Cost (LCC) analysis is an economic analysis
technique to estimate the total cost of a system over its life

MATERIALS AND METHODS

span. Within the LCC approach, the calculation of the Net
Present Value (NPV) and the payback period were con-

Test case description

ducted (see the section on ‘Economic assessment’, below).
In the literature, it was found that the payback period

The residential buildings were assumed to be located in

varied considerably, mainly due to the variation of tank

Ancona, a town on the east coast of Italy, classiﬁed as a

size; Khastagir & Jayasuriya () argued that unless

sub-coastal climate regime according to the Köppen–

the mains water price increases substantially (beyond

Geiger climate zoning map (Kottek et al. ). Rainfall

3

$1.4/m ), the rainwater tank user has to wait for 40 years

data were provided by the rainfall gauging station of

to reach the payback period. Zhang et al. () examined

Ancona-Torrette, which has been operating since the year

the ﬁnancial availability of RWH systems in high-rise build-

1946. The precipitation data has been elaborated in order

ings in four capital cities in Australia, ﬁnding that the

to identify the ‘typical year’, which corresponds to the year
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The reference tank capacity S has been evaluated as:

data from those of the averaged year.
Different domestic building typologies were considered

|

S ¼ min(D, R) 

nD
365

(1)

which were characterized by different rooftop area,
number of ﬂoor elevations and inhabitant number. In

where D is the water demand; R is the volume inﬂow

order to study not only detached houses and to represent

R ¼ φηAP, given by the rainfall P, the rooftop area A, the

realistic and common building conditions for an Italian

runoff coefﬁcient φ (set equal to 0.9) and another coefﬁcient

town, the number of ﬂoors was assumed to be in the range

η (set equal to 0.9) to simulate the water loss due to ﬁltering;

one to three (ﬂat and condominium) and the rooftop area

nD is the average yearly dry period (average consecutive

2

2

changed from 100 m to 400 m . The inhabitant number

non-rainy days in a year) which can be evaluated as:

was in the range 3–54. This value range has been obtained
by following the Italian law about parameters for habitative
and hygienic–sanitary suitability (D.M. 5/07/1975) which
rules that for each inhabitant a minimum habitable surface
must be ensured. Combinations of all these parameters
have led to 45 different conditions. A garden surface of
50 m2 for each family that lives at the ground ﬂoor (a
family is assumed to be composed of three persons) is also
considered in the simulations.
Water balance simulations were carried out choosing a
daily time-step. In the present study the rainwater is used
for both indoor (toilet ﬂushing and washing machine) and
outdoor (garden irrigation) non-potable consumption. The
indoor water demand has been assumed to be equal to
50 l/person per day. The amount of irrigation demand is
evaluated by considering a value of 5 l/m2; this value is
deduced by the typical value for the water demand for irrigation in Italian climatic conditions reported in Cavazza
(). The garden irrigation demand is not equal during
the year (needing about 100 days in a year), and it changes
with the type of crops (Liuzzo et al. ). However, for simplicity, a constant water rate has been assumed by spreading
the annual water irrigation demand over each day. Such

nD ¼

365  nR
12

(2)

where nR is the average number of yearly rainy days (or the
number of rainy days in the typical year).
For the Italian guidelines UNI TS/11445–2012 there are
two different ways to size the tank storage S: the simpliﬁed
model (Equation (1) with nD/365 ¼ 0.06) and the analytical
model. The latter is based on the application of the mass balance equation for each time-step carried out by using the
Yield After Spillage (YAS) operating rule (Fewkes &
Butler ; Mitchell et al. ; Palla et al. ).
In Table 1 all the test cases analyzed in the present
paper are summarized. Note that some test cases are characterized by the same rooftop surface A and number of
inhabitants, but different numbers of building ﬂoors, thus
the pump size, which is inﬂuenced by the head to be ensured
at the draw-off points, changes. The pumps were sized by
considering the design ﬂow rate (which takes into consideration the probable simultaneous non-potable water demand)
and the head. Submersible pumps characterized by a power
of 0.37–2.20 kW were employed in the simulations.

simpliﬁcation is also made by the Italian guidelines for the
design of the rainwater harvesting system (UNI TS/11445–

Modelling and methodology analysis

2012), in which the water demand for irrigation is assumed
to be equal to a constant value.

The DRWH system is sketched by the rooftop surface, pipes,

In order to point out the signiﬁcant role of the tank sto-

storage tank and distribution component which includes

rage size S, evaluated by means of Equation (1), on the water

the pipes, the pump system and other devices that move

efﬁciency and on the cost assessment, its capacity has been

water from storage to the point-of-use (see Figure 1). The

changed in the range 0.5S, 1.0S, 1.25S, 1.50S, 1.75S, 2S for

hydrologic–hydraulic modelling is undertaken using EPA

each case, leading to a total number of test cases equal to

Storm Water Management Model (SWMM). The DRWH

276 (only commercial tank sizes for underground installa-

systems were simulated in SWMM as catchment area

tion were taken into account).

(rooftop surface), conduits, storage unit and pumping system.
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Summary of the technical parameters of the test cases

Rooftop surface A (m2)

Number of ﬂoors

Number of inhabitants

Number of families/ﬂoor

Tank capacity S (m3)

Water demand D (m3)

100

1
2
3

3
6
9

1
1
1

2, 3.75, 5.6, 6.5, 7.5, 8.5
2, 3.75, 5.6, 6.5, 7.5, 8.5
2, 3.75, 5.6, 6.5, 7.5, 8.5

81.3
138
194.7

150

1
2
3
2
3

3
6
9
12
18

1
1
1
2
2

2.5, 4.8, 7.5, 9.2, 12.75
2.5, 5.6, 8.5, 9.6, 12.75
2.5, 5.6, 8.5, 9.6, 12.75
2.5, 5.6, 8.5, 9.6, 12.75
2.5, 5.6, 8.5, 9.6, 12.75

81.3
138
194.7
162.6
276

200

1
2
1
2
3

6
12
9
18
27

2
2
3
3
3

3.75, 7.5, 8.5, 11.7, 12.75, 16
3.75, 7.5, 8.5, 11.7, 12.75, 16
3.75, 7.5, 8.5, 11.7, 12.75, 16
3.75, 7.5, 8.5, 11.7, 12.75, 16
3.75, 7.5, 8.5, 11.7, 12.75, 16

389.4
162.6
276
389.4
243.9

250

1
2
3
1
3

6
12
18
9
27

2
2
2
3
3

4.4, 9.2, 18.98, 12.75, 20, 16
4.4, 9.6, 12.75, 16, 18.98, 20
4.4, 9.6, 12.75, 16, 18.98, 20
4.4, 9.6, 12.75, 16, 18.98, 20
4.4, 9.6, 12.75, 16, 18.98, 20

414
584.1
162.6
276
389.4

300

1
2
3
1
3
2
3

6
12
18
9
27
24
36

2
2
2
3
3
4
4

4.4, 9.2, 20, 12.75, 25.2, 16, 26
5.6, 11.7, 12.75, 16, 20, 25.2, 26
5.6, 11.7, 12.75, 16, 20, 25.2, 26
5.6, 11.7, 12.75, 16, 20, 25.2, 26
5.6, 11.7, 12.75, 16, 20, 25.2, 26
5.6, 11.7, 12.75, 16, 20, 25.2, 26
5.6, 11.7, 12.75, 16, 20, 25.2, 26

243.9
414
584.1
162.6
276
389.4
243.9

350

1
2
3
1
2
3
1
2
3

9
18
27
12
24
36
15
30
45

3
3
3
4
4
4
5
5
5

8.5, 16, 20, 25.2, 31.42
8.5, 16, 20, 25.2, 31.42
8.5, 16, 20, 25.2, 31.42
8.5, 16, 20, 25.2, 31.42
8.5, 16, 20, 25.2, 31.42
8.5, 16, 20, 25.2, 31.42
8.5, 16, 20, 25.2, 31.42
8.5, 16, 20, 25.2, 31.42
8.5, 16, 20, 25.2, 31.42

414
584.1
325.2
552
778.8
243.9
414
584.1
325.2

400

1
2
3
1
2
3
1
2
3
2
3

9
18
27
12
24
36
15
30
45
36
54

3
3
3
4
4
4
5
5
5
6
6

8.5, 16, 20, 25.2, 31.42, 37.65, 40
8.5, 16, 20, 25.2, 31.42, 37.65, 40
8.5, 16, 20, 25.2, 31.42, 37.65, 40
8.5, 16, 20, 25.2, 31.42, 37.65, 40
8.5, 16, 20, 25.2, 31.42, 37.65, 40
8.5, 16, 20, 25.2, 31.42, 37.65, 40
8.5, 16, 20, 25.2, 31.42, 37.65, 40
8.5, 16, 20, 25.2, 31.42, 37.65, 40
8.5, 16, 20, 25.2, 31.42, 37.65, 40
8.5, 16, 20, 25.2, 31.42, 37.65, 40
8.5, 16, 20, 25.2, 31.42, 37.65, 40

552
778.8
406.5
690
973.5
243.9
414
584.1
325.2
552
778.8

The commercial tanks were described in the model by using

operating ﬂow rate is obtained. Two control rules were

the storage curve (tabular function). The pump operating

used for the pumping systems in order to simulate the oper-

data were included by using the pump curve (head vs ﬂow

ating of the pump: (i) when the rainwater level into the

rate) from which, knowing the head of each test case, the

tank (inlet node) is larger than its dead-head condition
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(a) Sketch of the hydraulic balance of a DRWH system; (b) Scheme of a DRWH system in SWMM.

and (ii) for a time period needed to pump the daily water

proposed by Campisano & Modica ():

demand Dt to the outlet node (this time is evaluated by
dividing the daily water demand with the operational
ﬂow rate). Moreover, an additional outfall (free boundary

P
Yt
P
¼
Dt

(3)

P
Ot
ER ¼ 1  P
APt

(4)

EWS

conditions) simulates the overﬂow discharged into sewer
piping.
Tank water saving efﬁciency EWS (%) and tank volumetric retention efﬁciency ER (%) were here deﬁned as

Downloaded from http://iwaponline.com/ws/article-pdf/19/8/2422/662726/ws019082422.pdf
by guest

2427

S. Corvaro

|

Water efﬁciency and economic assessment of DRWH systems

Water Supply

|

19.8

|

2019

where Yt is the volume of rainwater yielded from the storage

The cumulative annual precipitation of the typical year is,

tank at time step t (in the present study t corresponds to one

instead, equal to 634 mm, hence it is lower than the average

day), Dt is the non-potable water demand at time step t, Ot is

value. Such a difference does not affect the goodness of the

the volume discharged as overﬂow from the storage tank at

results, because the performance of the DRWH depends on

time step t, Pt is the precipitation of the ‘typical year’ at time

the evolution of the precipitation through the year, character-

step t and A is the rooftop surface, (the term APt is the

istic of the site climate conditions, and not on the cumulative

runoff when the water loss is null). In Figure 1(a) scheme

yearly value. Moreover, the evaluation of the water saving

of the DRWH system is reported, where V is the volume

efﬁciency based on the rainfall data of a year characterized

stored in the tank.

by a lower value of annual precipitation with respect to that
of the average year surely provides a cautionary result in
terms of water saving efﬁciency. The average value of the

WATER EFFICIENCY

yearly rainy days in the period 1990–2013 is equal to 68
days, while in 1998 (the typical year) the number of rainy

Rainfall analysis

days was equal to 60. The use of the multi-year rainfall data
set was made only for some representative study cases corre-

The rainfall analysis is based on the rainfall data provided by

sponding to the maximum number of inhabitants of each

the ‘Dipartimento di Protezione Civile’ of the Marche region

rooftop surface considered in the present study. Such multi-

for the rainfall gauging station of Ancona-Torrette. These data

year simulations gave similar results, conﬁrming that the

were analyzed in the period 1951–2013 for the design of the

use of a more concise rainfall data set, as that of the ‘typical

drainage piping systems. To evaluate the behaviour of the

year’, can well represent the climate conditions of the site,

DRHW system in real conditions, a real hyetograph is used

and hence the hydraulic behaviour of the DRWH systems.

based on the daily precipitation of the ‘typical year’. The

Figure 2(b) shows the comparison of both the monthly

average year is calculated with reference to the monthly

precipitation and rainy days between the average and the

precipitation data in the period 1990–2013. The deviations

typical year. The typical year trends show more evident vari-

σ m,i (the subscript i and m referring, respectively, to the year

ations over the months with respect to those of the average

and the month analyzed) were calculated referring to the

year, for which the smoothing is just due to the average oper-

monthly precipitation Pm,i of each year with respect to the

ations. Therefore, the typical year is conﬁrmed to be more

corresponding monthly value Pm,i of the average year:

representative of the hydrologic characteristic of the site

σ m,i ¼ (Pm,i  Pm,i )

(5)

with respect to the average year, with longer dry/wet periods
and more pronounced peaks/troughs.

For each year the squares of the monthly deviations
were added:

12
P
m¼1

Water efﬁciency
σ 2m,i . The typical year was identiﬁed as the

year with the minimum value of

In the present section the results of the simulations were

12
P
m¼1

σ 2m,i .

The cumulative annual precipitation varies in the range
382–1,192 mm, as can be observed in Figure 2(a). Figure 2(a)
also shows the trend of the variance in the observed period
1990–2013. The minimum value of

12
P
m¼1

σ 2m,i is obtained for

analyzed in order to evaluate the water saving efﬁciency
expressed by Equation (3) and the water retention efﬁciency
deﬁned by Equation (4).
To consider different combinations of water demand D,
storage capacity S, rooftop area A and annual precipitation
P, two dimensionless ratios are traditionally taken into

the year 1998, thus, that year has been identiﬁed as the typi-

account

cal year.

d ¼ D/AP and storage fraction s ¼ S/AP.

in

the

literature,

namely

demand

fraction

The dashed line in Figure 2(a) represents the yearly pre-

In Figure 3 the numerical results for the temporal evol-

cipitation of the average year, which is equal to 718 mm.

ution of the water balance are shown for the test cases
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(a) Annual cumulative rainfall (light gray) and variance (dark gray) in the period 1951–2013; (b) comparison of the monthly rainfall and rainy days between the average year (square,
light gray) and the typical year (circle, dark gray). Please refer to the online version of this paper to see this ﬁgure in color: http://dx.doi.org/10.2166/ws.2019.124.
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Rainfall intensity (black line); harvested water volume (blue line), pumped water ﬂow (red line), overﬂow (green asterisk) for the test case with a rooftop surface A ¼ 200 m2: 12
inhabitants, water demand fraction d ¼ 1.99, storage fraction s ¼ 0.027 (a) and s ¼ 0.054 (b); 27 inhabitants, water demand fraction d ¼ 4.22 and s ¼ 0.054 (c). Please refer to the
online version of this paper to see this ﬁgure in color: http://dx.doi.org/10.2166/ws.2019.124.
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with rooftop surface A ¼ 200 m2 and different water
demands and storage fractions. Figure 3(a) and 3(b) show
the water balance results for the cases of 12 inhabitants,
water demand fraction d ¼ 1.99 and two different storage
fractions: s ¼ 0.027 and s ¼ 0.054; while Figure 3(c) shows
the case of 27 inhabitants, water demand fraction d ¼ 4.22
and storage fraction s ¼ 0.054.
Inspection of Figure 3 reveals that the increase of tank
storage capacity allows the increase of water yielded from
the tank storage, hence, the pumped water ﬂow (red lines)
becomes larger. At the same time the overﬂow (green
asterisks) decreases due to the larger storage capacity.
Figure 3(b) and 3(c) also reveal that with the increase of
the demand fraction d, the frequency of the pump activation
(red line) decreases, hence, the yielded water also decreases.
Therefore, for the same rainfall regime, the decrease of the
available water within the same tank storage capacity
occurs for the test cases with a larger water demand (greater
number of people).
Figure 4(a) shows the inﬂuence of the water demand fraction d and storage fraction s on the water saving efﬁciency
EWS deﬁned in Equation (3). For all the test cases here analyzed, the water saving efﬁciency EWS ranges from 20% to
80%. By employing the multi-year rainfall data, a slight
increase of EWS with, at the same time, a slight decrease of
d is observed (this behaviour is due to a larger value of the
average annual rainfall). The validity of the results obtained
by using the ‘typical year’ is proved by the observation (here
not reported) that the multi-year results overlap those of
Figure 4, conﬁrming that the ‘typical year’ is representative
of the local climate conditions and it can well reproduce
the performance of DRWH systems in the speciﬁc local site.
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following expression:
EWS ¼ a  db

(6)

where a and b are coefﬁcients that depend on both the tank
storage fraction and the rainfall regime. The best-ﬁt laws
were obtained for three different tank storage fractions
(s < 0.05, 0.05  s < 0.09 and s  0.09) with a very good
determination coefﬁcient R 2. It is observed that the exponent b is almost the same (b ≈ 0.8) for the different
ranges of the tank storage fraction, hence, it seems dependent only on the rainfall regime (the small discrepancy is
only due to the nature of the experimental data), while the
coefﬁcient a increases with the tank storage capacity: a ¼
65 for tank storage fraction s < 0.05 (R 2 ¼ 0.96); a ¼ 80 for
0.05  s < 0.09 (R 2 ¼ 0.98) and a ¼ 87 for s  0.09 (R 2 ¼
0.98). Such results are in agreement with those of Sanches
Fernandes et al. () who found that for demand fractions
d > 0.8 the water saving efﬁciency shows a marked dependency on the water demand, ﬁtting with a power function.
By analysing the results of the simulations for all the test
cases, the volume retention efﬁciency ER, deﬁned in
Equation (4), ranges from 60% to 100% (see Figure 4(b)).
A very good retention efﬁciency is achieved for almost all
the test cases with the demand fraction d larger than
2. The maximum value of the retention efﬁciency (100%)
is obtained for storage fraction s  0.09. This result suggests
that the use of large tank storage capacity (s  0.09) could be
unnecessary in terms of water savings, and, in addition, it
implies a more signiﬁcant investment. However, these conditions (s  0.09) can be adopted when the DRWH is used
as a system for stormwater runoff control.

Figure 4(a) reveals also that the inﬂuence of the storage
capacity on the water saving efﬁciency becomes ever smaller
with the increase of the demand fraction. Larger efﬁciency

ECONOMIC ASSESSMENT

can be achieved with both small demand fraction (small
water demand, signiﬁcant rainfall regime or wide rooftop

The economic assessment was based on the cost and saving

surface) and large tank storage capacity. In the latter case

ﬂows by considering the future prediction of the costs along

it is very important to evaluate not only the efﬁciency of a

the design life span, in order to evaluate the payback period

DRWH, but also its economic feasibility, as reported in

for each different test case. The capital costs are due to the

the next section, the tank cost being signiﬁcant for the

tank, pipes, pump (inﬂuenced by the number of inhabitants

investment.

and ﬂoor elevations), devices, installation, and maintenance,

It is found that the water saving efﬁciency EWS is a func-

while the savings are due to water replacement, which is

tion of the water demand fraction d ¼ D/AP with the

the primary beneﬁt of such a system. The actual water
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Inﬂuence of the water demand fraction d ¼ D/AP and storage fraction s ¼ S/AP on: (a) the water saving efﬁciency and (b) the water retention efﬁciency.

service tariff in Ancona is about 2.3€/m3 (by assuming a

and wastewater treatment costs) is a key factor, with savings

water consumption for a family within the range 121–

for cost of water supplied by the rainwater. The variation

3

180 m per year). In the economic analysis the water service

with time of the water cost, sewer and wastewater treatment

tariff (composed of the ﬁxed charges, water cost, and sewer

tariffs for the town of Ancona presents different trends.
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Predictions about future water service tariff through the

pump the rainwater were evaluated. The other costs for

design life-span are taken into account by means of a

the devices, piping systems, and ﬁlter were considered in

linear trend of each component of the water service tariff

the range 800€–2,000€. The maintenance cost CM was

(þ6.9% for the water cost, þ2.9% for the sewer and waste-

assumed to be equal to 10% of the capital cost Cc.

water treatment costs). The economic analysis also

As above reported, the main savings are due to water

includes a constant annual increase in the energy prices

replacement. With the water service tariff in Italy being

(þ0.7%). Such predictions will be used for the evaluation

lower than those of other European countries, a positive

of the payback period.

NPV can be obtained only after a long time from the invest-

The NPV is the difference between the present value of

ment. Indeed, in the literature the payback periods are

cash inﬂows and cash outﬂows over a period of time of the

longer than 10 years. It is difﬁcult to predict future interest

investment, and can be expressed as:

and inﬂation rates due to wide ﬂuctuations in the economy.
Therefore, in the present study, the discount rate r has been

N
X
CW  CYWM  CE  CM
NPV ¼ CC þ
(1 þ r)n
n¼0

(7)

assumed equal to zero, prediction of future interest and
inﬂation rates being too uncertain due to wide ﬂuctuation
in the economy over so long a time period.

where Cc is the capital cost, CW is the cost of water demand

The payback period is deﬁned as the length of time

D, CM is the maintenance cost, CYWM is the cost of water

required to obtain a proﬁt from the investment, hence, it is

supplied by the mains DY, CE is the cost of electricity

equal to the time period when the NPV becomes positive

for the pump, r is the discount rate, N is the design life

(NPV > 0).

period, and n is the length of time since the investment.

Figure 5 shows that the payback periods changed in the

The main term of the capital cost Cc is given by the tank

range 10–35 years for the site-speciﬁc variables such as local

cost. The storage capacity used in the simulations (2–40 m3)

rainfall and water service tariff. A very weak inﬂuence of the

results from the technical data given by different companies

demand fraction on the payback period has been found,

for plastic tanks. For such storage capacities the tank costs

while, as expected, the payback period is strongly inﬂuenced

are in the range 1,200€–25,000€. The pump costs are in

by the storage fraction. Note that in the economic compu-

the range 400€–1,000€. For each test case the number of

tations other costs also have been taken into account: it

pump start-ups and, hence, the hours of pump usage were

was found that the pump costs became signiﬁcant in the

provided by the simulations. Knowing the power consump-

case of buildings with two or three ﬂoors and a large

tion and the electricity tariff, the energy costs needed to

number of people. Indeed, the pump cost can be about

Figure 5

|

Inﬂuence of the payback period on the water demand fraction d and storage fraction s ¼ S/AP.
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20% of the tank cost for a building with a rooftop area

the range 50–200% with respect to that evaluated by

200 m2 with three ﬂoors and a storage fraction s < 0.05.

Equation (1)) reveals that the DRWH system would be econ-

However, when only the inﬂuence of tank storage size on

omically feasible when s < 0.05 and, approximately, when

the payback period is considered, twice the tank storage

the tank S is less than about 12 m3 (the storage capacity

capacity led to an increase of the payback periods of about

used in the simulations is in the range 2–40 m3). This con-

20–30%. Payback periods of less than 20 years can be

dition is almost veriﬁed when Equation (1) is applied.

obtained only with tank storage fractions s < 0.05.

Therefore, the cost–beneﬁt analysis can help the designer
to optimize the size of the tank from an economic point of
view. An oversized tank is disadvantageous, because the

CONCLUSIONS

increase in water efﬁciency, due to the increase of the
yielded rainwater, is not balanced by a signiﬁcant increase

Several simulations of the performance of domestic rain-

in savings due to water replacement, the Italian water ser-

water systems were carried out in order to analyze both

vice tariff being low. However, such a solution can be

the efﬁciencies and the payback period of different residen-

adopted when the DRWH is used as a system for stormwater

tial building typologies. The analysis was performed in order

runoff control. In conclusion, a parametric estimation of

to consider the combination of different parameters such as

DRWH system performance (both technical and economi-

the rooftop surface, building ﬂoor elevations, inhabitant

cal) has been achieved for buildings in a speciﬁc local site

number, water demand, tank capacity and pump size.

of sub-coastal Italian climate regime (Ancona). The exten-

Only the possible combinations of rooftop surface, number

sion of the payback period results to other site conditions

of ﬂoors and inhabitants that represent real test cases have

should be veriﬁed and made with care due to the signiﬁcant

been considered in the study. Moreover, only commercial

inﬂuence of both the local climate conditions and the local

tanks and pumps have been considered in the analysis.

water service tariff on the feasibility of the DRWH systems.

The inﬂuences of pump cost and of energy consumption,
usually neglected, were here investigated. The tank size is
certainly the most important cost in a DRWH system investment, however, in a building with more than one ﬂoor, the
pump cost could be signiﬁcant, leading to about 20% of
the tank cost for buildings with three ﬂoors and a storage
fraction lower than 0.05, and in particular a value of 30%
of the tank cost was obtained for a building with three
ﬂoors and a rooftop area of 100–150 m2. However, the
increase of the rooftop surface inﬂuences the sizing of the
tank (becoming larger), and consequently the tank cost
becomes the dominant term in the investment. The water
saving efﬁciency is in the range 20–80% and it increases in
the cases of small water demand fraction. A best-ﬁt law is
obtained for the water saving efﬁciency and the water
demand for three different storage capacity fractions. An
increase of tank storage size of 100% leads to an increase
of efﬁciency of about 10–20%, but, at the same time, a signiﬁcant increase (about 20–30%) of the payback period.
Payback periods lower than 20 years were obtained only
when the storage fraction s < 0.05. The parametric analysis
on the inﬂuence of the tank capacity (which is varied in

Downloaded from http://iwaponline.com/ws/article-pdf/19/8/2422/662726/ws019082422.pdf
by guest

REFERENCES
Campisano, A. & Modica, C.  Appropriate resolution
timescale to evaluate water saving and retention potential of
rainwater harvesting for toilet ﬂushing in single houses.
J. Hydroinform. 17 (3), 331–346.
Campisano, A., Gnecco, I., Modica, C. & Palla, A.  Designing
domestic rainwater harvesting systems under different climatic
regimes in Italy. Water Sci. Technol. 67 (11), 2511–2518.
Campisano, A., Butler, D., Ward, S., Burns, M. J., Friedler, E.,
DeBusk, K., Fisher-Jeffes, L. N., Ghisi, E., Rahman, A.,
Furumai, H. & Han, M.  Urban rainwater harvesting
systems: research, implementation and future perspectives.
Water Res. 115, 195–209.
Cavazza, D.  L’impianto Fisso di Pluvirrigazione. Associazione
nazionale delle boniﬁche, Edagricole, Rome, Italy.
Domènech, L. & Saurí, D.  A comparative appraisal of the use
of rainwater harvesting in single and multi-family buildings of
the metropolitan area of Barcelona (Spain): social
experience, drinking water savings and economic costs.
J. Cleaner Prod. 19 (6–7), 598–608.
Eslamian, S.  Urban Water Reuse Handbook. IWA Publishing,
London, UK, and CRC Press, Boca Raton, FL, USA.
Farreny, R., Morales-Pinzón, T., Guisasola, A., Tayà, C.,
Rieradevall, J. & Gabarrell, X.  Roof selection for

2434

S. Corvaro

|

Water efﬁciency and economic assessment of DRWH systems

rainwater harvesting: quantity and quality assessments in
Spain. Water Res. 45 (10), 3245–3254.
Fewkes, A. & Butler, D.  Simulating the performance of
rainwater collection and reuse systems using behavioural
models. Build. Serv. Eng. Res. Tech. 21 (2), 99–106.
Fletcher, T. D., Deletic, A., Mitchell, V. G. & Hatt, B. E.  Reuse
of urban runoff in Australia: a review of recent advances and
remaining challenges. J. Environ. Qual. 37, S116–S127.
Khastagir, A. & Jayasuriya, N.  Investment evaluation of
rainwater tanks. Water Resour. Manage. 25, 3769–3784.
Kottek, M., Grieser, J., Beck, C., Rudolf, B. & Rubel, F.  World
map of the Köppen-Geiger climate classiﬁcation updated.
Meteorologische Z. 15 (3), 259–263.
Liuzzo, L., Notaro, V. & Freni, G.  A reliability analysis of a
rainfall harvesting system in southern Italy. Water 8 (1), 18.
Mitchell, V. G., McCarthy, D. T., Deletic, A. & Fletcher, T. D. 
Urban stormwater harvesting – sensitivity of a storage
behaviour model. Environ. Model. Soft. 23, 782–793.
Palla, A., Gnecco, I. & Lanza, L. G.  Non-dimensional design
parameters and performance assessment of rainwater
harvesting systems. J. Hydrol. 401 (1–2), 65–76.

Water Supply

19.8

|

2019

Pelak, N. & Porporato, A.  Sizing a rainwater
harvesting cistern by minimizing costs. J. Hydrol. 541,
1340–1347.
Sanches Fernandes, L. F., Terêncio, D. P. S. & Pacheco, F. A. L.
 Rainwater harvesting systems for low demanding
applications. Sci. Total Environ. 529, 91–100.
Sazakli, E., Alexopoulos, A. & Luotsinidis, M.  Rainwater
harvesting, quality assessment and utilization in Kefalonia
Island, Greece. Water Res. 41, 2039–2047.
Silva, C. M., Sousa, V. & Carvalho, N. V.  Evaluation of
rainwater harvesting in Portugal: application to single-family
residences. Resour. Conserv. Recycling 94, 21–34.
van Roon, M.  Water localisation and reclamation: steps
towards low impact urban design and development.
J. Environ. Manage. 83, 437–447.
Ward, S., Memom, F. A. & Butler, D.  Performance of a large
building rainwater harvesting system. Water Res. 46,
5127–5134.
Zhang, Y., Chen, D., Chen, L. & Ashbolt, S.  Potential for
rainwater use in high-rise buildings in Australian cities.
J. Environ. Manage. 91, 222–226.

First received 28 April 2019; accepted in revised form 21 August 2019. Available online 3 September 2019

Downloaded from http://iwaponline.com/ws/article-pdf/19/8/2422/662726/ws019082422.pdf
by guest

|

