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Abstract
Purpose At present, many urban areas in Mediterranean
climates are coping with water scarcity, facing a growing
water demand and a limited conventional water supply. Urban
design and planning has so far largely neglected the benefits of
rainwater harvesting (RWH) in the context of a sustainable
management of this resource. Therefore, the purpose of this
study was to identify the most environmentally friendly
strategy for rainwater utilization in Mediterranean urban
environments of different densities.
Materials and methods The RWH systems modeled inte-
grate the necessary infrastructures for harvesting and using
rainwater in newly constructed residential areas. Eight
scenarios were defined in terms of diffuse (D) and compact
(C) urban models and the tank locations ((1) underground
tank, (2) below-roof tank, (3) distributed-over-roof tank,

and (4) block tank). The structural and hydraulic sizing of
the catchment, storage, and distribution subsystems was
taken into account using an average Mediterranean rainfall,
the area of the harvesting surfaces, and a constant water
demand for laundry. The quantification of environmental
impacts was performed through a life cycle assessment,
using CML 2001 Baseline method. The necessary materials
and processes were considered in each scenario according
to the lifecycle stages (i.e., materials, construction, trans-
portation, use, and deconstruction) and subsystems.
Results and discussion The environmental characterization
indicated that the best scenario in both urban models is the
distributed-over-roof tank (D3, C3), which provided a
reduction in impacts compared to the worst scenario of up to
73% in diffuse models and even higher in compact ones, 92%
in the most dramatic case. The lower impacts are related to the
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better distribution of tank weight on the building, reducing the
reinforcement requirements, and enabling energy savings. The
storage subsystem and the materials stage contributed most
significantly to the impacts in both urban models. In the
compact density model, the underground-tank scenario (C1)
presented the largest impacts in most categories due to its
higher energy consumption. Additionally, more favorable
environmental results were observed in compact densities
than in diffuse ones for the GlobalWarming Potential category
along with higher water efficiencies.
Conclusions The implementation of one particular RWH
scenario over another is not irrelevant in drought-stress
environments. Selecting the most favorable scenario in the
development of newly constructed residential areas pro-
vides significant savings in CO2 emissions in comparison
with retrofit strategies. Therefore, urban planning should
consider the design of RWH infrastructures using environ-
mental criteria in addition to economic, social, and
technological factors, adjusting the design to the potential
uses for which the rainwater is intended.
Recommendations and perspectives Additional research is
needed to quantify the energy savings associated with the
insulation caused by using the tank distributed over the
roof. The integration of the economic and social aspects of
these infrastructures in the analysis, from a life cycle
approach, is necessary for targeting the planning and design
of more sustainable cities in an integrated way.

Keywords Carbon emissions . Environmental impact .

Laundry demand . LCA . Reinforcement . Sustainable
cities . Urban planning .Water management

1 Introduction

1.1 Alternative water management systems: RWH

Water scarcity is recognized as an increasingly severe problem
with global implications (Sazakli et al. 2007). The distribution
of water reserves is far from homogeneous, both geograph-
ically and temporally. Consequently, many regions face water
scarcity problems, affecting not only those located in arid
areas but also those in which demand exceeds water supply.
This situation will become even worse in Mediterranean
climate regions (the Mediterranean basin, the western United
States, southern Africa, northeastern Brazil, Chile, and the
south-southwest of Australia) that are projected to experience
a reduction in their water resources in the coming decades
due to the effects of climate change (Bates et al. 2008).

Urban areas are among the most vulnerable systems as they
bear great environmental pressures, are associated with large
ecological footprints, and are dependent to a great extent on
water from distant sources, which is transported by means of

large infrastructures. Approximately 50% of the world’s
population is concentrated in these areas and over 70% of
the population in North America, Europe, and Oceania (UN
2010). Frequent droughts together with population growth in
urban environments contribute to increases in water demand
to meet mainly domestic uses. Water scarcity and the
reduction of conventional resources promote greater depen-
dence on imported water to supply these needs (Fragkou et
al. 2008) with the subsequent use of more distant sources or
those of lower quality (van Roon 2007).

At present, the most developed technological strategies in
Mediterranean climates for coping with increasing water
demand and scarcity have focused on alternative water
resources by means of desalination techniques and water
recycling processes. Nevertheless, the possibility of collecting
and using rainwater has frequently been ignored, despite
presenting many benefits to consider: Rainwater harvesting
(RWH) provides access to a free water source that can be
easily sent to non-potable water uses, mitigates the pressure on
aquifers and surface courses, reduces water stress and
pollution to surface waters, helps to prevent floods caused
by soil sealing resulting from urbanizationwhile reduces loads
on sewers allowing larger storage volumes for high intensity
summer rainfall events (Zhu et al. 2004; Flower et al. 2007;
Kim et al. 2005; Parkinson et al. 2005; Villarreal and Dixon
2005; RiverSides 2009; Sharma and Vairavamoorthy 2009;
Slys 2009; Fewkes 2000; Konig 2001; Kellagher and
Maneiro Franco 2005; Vaes and Berlamont 1999). Addition-
ally, the use of rainwater on a large scale is perceived as an
adaptive strategy to climate change against the reduction of
water availability (Trenberth et al. 2007).

RWH systems have been historically applied to a variety
of uses in population settlements and isolated homes
(Gould and Niessen-Peterson 1999), and recently, there
has been an increasing interest in the use of water resources
generated within the urban boundary for drinking water
supply substitution (Farreny et al. 2011a). In urban regions,
rainwater has been demonstrated as a viable water source
for the cleaning of roads and outdoor surfaces, the irrigation
of gardens, the flushing of toilets, laundry, and other
activities related to potential non-potable uses (Nolde
2007). These techniques have been widely developed in
China, Brazil, Australia, Germany, India, and Japan (Zaizen
et al. 2000; Hills et al. 2001; UNEP 2002).

1.2 Environmental assessment of RWH at an urban scale

The early environmental assessments on water resources and
technologies for facing water demand and scarcity in urban
environments have focused on a regional or basin level. In this
context, recent publications have described the sustainability
of water recycling systems Levine and Asano (2004), and
others have examined the opportunities for increasing the
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water supply in Spain and California, comparing the current
desalination techniques with water transfers and other
alternative water recovery systems (Raluy 2009; Muñoz et
al. 2010; Stokes and Horvath 2006). However, sustainable
water management has so far not been considered as a
distinctive issue in urban planning (Hiessl et al. 2001), and
there is a lack of the environmental data needed to determine
the best strategy to optimize water management at local level.

The application of environmental criteria to the study of
RWH utilization is so far underdeveloped. In this sense, life
cycle assessment (LCA) is proposed as a useful tool to
obtain quantitative data that can be useful in decision-
making processes. The state of the art of LCA application
in the quantification of environmental impacts associated
with the design and planning of urban areas and sustainable
water management has to date focused only on specific
stages of the water cycle and treatment processes or on the
environmental evaluation of different components of these
infrastructures. This body of work includes the analysis of
different water systems in Europe (Crettaz et al. 1999),
alternative water supply methods in urban environments
(Tillman et al. 1998; Beavis and Lundie 2003; Raluy 2009),
the determination of impacts associated with water man-
agement before and after use Lassaux et al. (2007), the
analysis of alternative water infiltration systems (Friedrich
2002), distribution infrastructures (Herz and Lipkow 2002),
and different methods of rainwater disinfection (Das 2002).
Moreover, sustainability indicators applied to wastewater
(Lundin 2003) and urban water systems Lundin and
Morrison (2002) have been defined. A study in Sweden
evaluating water management infrastructures through LCA
showed that the installation phase is primarily responsible
for the greenhouse gas emissions caused by the main water
supply network, even though it can be foreseen that in
future scenarios the stages of maintenance and renewal
would be the major contributors (Venkatesh et al. 2009).
The emissions associated with the construction of a single
pipe were estimated to account for over 80% of the total
impact during its life cycle (Strutt et al. 2008). The
proposed use of alternative materials including recycled
steel in the production of these concrete structures can
reduce emissions by 25% (Venkatesh et al. 2009).

The assessment of alternative application of LCA to
RWH techniques is even more recent and still largely
limited to economic criteria or specific stages of these
networks. The first analysis that used the LCA approach to
tackle water management and urban wastewater systems in
a broader way aimed to determine the potential environ-
mental impacts associated with water management in
Sydney, using a “cradle to grave” approach in the
economic, social, and environmental analyses (Lundie et
al. 2004). Grant and Hallmann also assessed the environ-
mental and economic impacts of an urban domestic water

tank through LCA. The outcomes of this study suggested
that, in terms of energy and materials, RWH system
manufacture, and operation have more impacts than a
reticulated water supply, especially when a pump is needed.
Despite this, the absolute impacts of the water tank are not
large in proportion to other daily activities (Grant and
Hallmann 2003). Additionally, a comparative LCA was
performed by Bronchi et al. (1999) between conventional
drinking water and rainwater from recuperation in an
individual house and at a university. The results showed
that it takes less energy, the storage system capacity is
smaller, the demand better fits water availability, and the
impacts on the environment are smaller in the rainwater
recuperation scenario on larger scales (Bronchi et al. 1999).

In this context, the lack of quality inventory data along
with life cycle environmental assessments of RWH systems
leads to the need to evaluate these systems and to identify
which environmental impacts can be attributed to these
systems in certain urban models and thus determine which
are the most adequate infrastructures for RWH.

2 Goal and scope

2.1 Objectives

The aim was to quantify the environmental impact of different
RWH constructive solutions and to determine the most
environmentally favorable strategy in different scenarios
(defined according to the urban density and the location of
the infrastructures) under Mediterranean climate conditions, by
means of LCA.

2.2 Functional unit

The functional unit (FU) is here defined as the collection,
storage, and supply of 1 m3 of rainwater per person per year
to be used as non-potable water for a constant demand of
laundry use. This definition takes into account the catch-
ment area per building, the available water to be supplied,
the annual water demand per dwelling, the optimum size of
the tank, different urban densities, and Mediterranean
climate conditions.

2.3 Methodology

The environmental impacts associated with RWH infra-
structures as applied to two models of urban density (diffuse
and compact) were calculated using LCA. This methodology
assesses all the environmental impacts related with a product,
process, or activity through the quantification and estimation
of the resources consumption and the emissions produced
(ISO 14040 2006).
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2.3.1 Environmental calculation tools

The LCA performs an analysis of the system from “cradle
to grave,” which involves four main steps: definition of the
objectives and scope of the study, inventory analysis,
impact assessment, and interpretation (ISO 14040 2006).
The entire life cycle of the RWH infrastructures for each
scenario was assessed in this case.

The inventory analysis includes both materials and
processes grouped into life cycle stages (i.e., raw materials
extraction and processing, transportation, construction, use,
and final disposal) and into subsystems (catchment, storage,
and distribution). The impact of the materials’ end of life is
outside the boundaries of the system because there is a lot
of uncertainty about the technological development of the
recycling process in 50 years time. The data regarding
materials and the sizing of the infrastructures were obtained
based on the conventional hydraulic design of buildings, with
the aid of Cypecad v.2010 (CYPE 2010). MetaBase ITeC
(MetaBase ITeC 2010) provided the information on energy
consumption linked to construction/deconstruction processes.

From all stages included in the LCA methodology (ISO
14042 2000), only the classification and characterization
were considered. The method 2001 Baseline v2.04 CML
(Guinée et al. 2001) was used, and the selected impact
categories were Abiotic Depletion Potential (ADP; kilogram
Sb equivalents), Acidification Potential (AP; kilogram SO2

equivalents), Eutrophication Potential (EP; kilogram PO4
3−

equivalents), Global Warming Potential (GWP; kilogram
CO2 equivalents), Human Toxicity Potential (HTP; kilogram
1.4-DB equivalents), Ozone Depletion Potential (ODP;
kilogram CFC-11 equivalents), and Photochemical Ozone
Creation Potential (POCP; kilogram C2H4 equivalents).

The ecoinvent 2.0 (Ecoinvent 2009) database, linked to
the software SimaPro 7.2.0 PRé Consultants (2010), was
used in the evaluation of emissions related to the majority
of materials and energy. Ecoinvent 2.0 also provides data
about the water flows associated to RWH processes and
infrastructures classified according to different water ori-
gins (sea water, lake water, river water, underground water,
or unspecified origin water), which were used to estimate
the water footprint of each scenario. In the specific case of
the environmental impacts of concrete, the EcoConcrete
LCA software tool (CEMBUREAU et al. 2003) was used,
which contains high-quality inventory data provided by
European producers.

2.3.2 Structural and hydraulic calculation tools

Lifespan of the infrastructure It has been stated that a
rainwater storage tank has an average lifespan of 50 years
(Roebuck et al. 2010), mainly limited by changes in
functionality over time and the evolution of technologies.

On this basis, it was assumed that both uptake and
distribution pipes would be replaced every 25 years and
the submersible pump every 15 years (Roebuck et al.
2010).

Sizing of the tank The sizing of the tank was defined with
the aid of the RainCycle software (Roebuck and Ashley
2006), which allows modeling the tank volume through a
continuous daily water balance of supply and demand
throughout the year. An optimum volume was chosen for
each scenario, for which an increase in capacity did not
represent significant gains in water collection. For the
diffuse urban scenarios, the optimal threshold value was set
such that an increase of 1 m3 in storage volume represents
an increase of less than 1% of the demand satisfied with
rainwater. In the case of the compact urban density, the
threshold was set at 0.6%. The percentage was lower in
compact models as, in absolute terms, the threshold is set in
relation to the greater volume of water rather than in
proportion to the diffuse urban density.

2.3.3 Reference flows

Water demand The use of rainwater for laundry is one of
the most widespread uses in Europe for non-potable water
of an acceptable quality, together with garden watering and
toilet flushing (Leggett et al. 2001); laundry represents 20%
of the domestic demand in a standard dwelling (Griggs et
al. 1997; Mustow et al. 1997).

The RWH facilities were designed to supply the
maximum water demand for each home laundry, quantified
as 25 m3/(dwelling year) over the lifetime of the system.
The average weekly consumption in a European household
was estimated at 480 l (five wash loads per week), based on
the ecoefficiency requirements necessary for the acquisition
of the A+ecolabel for washing machines EC (2000). In
addition, it was assumed that outdoor areas do not demand
water (no irrigation needs) and that toilets reuse graywater
from showers, as both uses consume similar amounts of
water. Although demand is constant and equal for both
density models, the amount of water available for collection
and ready for consumption varies depending on the daily
water balance, the size of the tank, and the roof surface
available.

Rainfall The study based its calculations on the daily
rainfall data from Cerdanyola del Vallès (Barcelona, Spain)
from 1985 to 2007 (SMC 2007), during which precipitation
averaged approximately 600 mm/year. This amount is
representative of a Mediterranean climate, in which the
average rainfall oscillates between 600 and 750 mm per
year, although this varies over a range depending on the
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year and season (Aschmann 1973). In this respect, the
Mediterranean climate is distributed worldwide and largely
characteristic of five areas: the Mediterranean basin,
California, central Chile, Cape Province in South Africa,
and the south-southwest of Australia Di Castri and Mooney
(1973).

2.4 Description of the system under study

The diagram of the system evaluated is presented in Fig. 1.
This system consists of an urban area (block) of 100×
100 m2 with different types of newly constructed residential
buildings integrating the infrastructures required for the
catchment, storage, and distribution of rainwater. A total of
eight theoretical scenarios were defined in terms of two
variables: urban density and location of the RWH infra-
structures. Figure 2 shows the main characteristics of each
scenario depending on both variables. The indirect allevi-
ation of impacts on the urban water cycle due to RWH
(supply, distribution, and sewage systems) were considered
to be outside the scope of this study.

2.4.1 Urban density

Diffuse and compact urban density models were proposed
to exemplify two contrasting types of cities in Mediterranean
climates. The diffuse density model was based on a
two-story detached single-family house (250 m2/floor)
with 90% unbuilt area. The block scenario distribution
considered the construction of four houses on 10,000 m2

(see Fig. 2). The compact density model proposes a five-
story building (24 apartments, 700 m2/floor) with 30%
unbuilt area. The block scenario consists of the integration
of ten residential buildings on 10,000 m2 (see Fig. 2). The
average density of people per household was estimated at
2.65 based on the average housing size of different
countries located in several areas of Mediterranean climate
(Eurostat 2010; Australian Bureau of Statistics 2004; U.S.
Census Bureau 2010).

2.4.2 Infrastructures

The location of the RWH infrastructures determined four
scenarios of analysis for each urban density. These were
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Fig. 1 RWH diagram and
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location and type of tank and
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non-potable domestic uses
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based on the scale of the infrastructure (building and block)
and the location of the rainwater storage tank in the
building (underground tank, tank below roof, and distrib-
uted over the roof).

2.4.3 Rainwater infrastructure scenarios

The combination of the density variable with the location of
the infrastructures provided a total of eight scenarios for
analysis. Each of these integrates the RWH infrastructures,

which can be divided into three subsystems: catchment,
storage, and distribution. Table 1 shows the characteristics
of the main structural components for the different
subsystems considered.

2.4.4 Definition of the subsystems

A direct-feed system with water-main back-up supply was
assumed, including a rooftop runoff collection and convey-
ance (catchment subsystem), accumulation in a reservoir

Table 1 Structural characteristics of the main components of the eight analyzed scenarios based on the household density, the scale of the
infrastructures, and the location of the tank in the RWH system

Diffuse neighborhood Compact neighborhood

D1 D2 D3 D4 C1 C2 C3 C4
Tank scale Building Building Building Block Building Building Building Block
Tank location Underground Below roof Distributed

over roof
Underground Underground Below roof Distributed

over roof
Underground

Harvesting Gutter (m) 47.4 47.4 – 189.6 90 90 – 620

Down pipe (m) 6.9 6.8 – 125.5 16.5 15.2 – 371

Storage Tank dimensions (m3) 5 5 9 20 21 21 37.8 209

(1.7×1.7×1.7) (2.2×2.3×1) (10×10×0.09) (2.7×2.7×2.7) (2.8×2.8×2.8) (4.6×4.6×1) (30×14×0.09) (5.9×5.9×6)

Distribution Supplying pipe (m) 5.7 4.4 4.4 153.3 26.5 13.5 13.5 431

Pump (units) 1 0 0 2 1 0 0 2
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(storage subsystem), and supply to the consumption point of
use in the dwelling (distribution subsystem) (Environmental
Agency 2008).

Catchment Rainwater is harvested only from roofs (flat),
for which gutters and downpipes are necessary in all
scenarios except those with the tank distributed over the
entire roof (D3 and C3). In the block scenarios (D4 and
C4), the tank collects water from the roofs of all the
buildings in the block (see Fig. 2). The roof runoff
coefficient was estimated at 0.9 (Singh 1992). It was
assumed that the water harvested is of suitable quality for
the intended use (Göbel et al. 2007; Farreny et al. 2011b).
Rainwater overflows, necessary to wash the tank during
rainfall peaks (Lawson et al. 2009), are directed into the
sewage system.

Regarding the diffuse urban scenarios requiring convey-
ance components (D1, D2, and D4), a galvanized steel
gutter is placed on the roof (125 mm diameter, 0.5 mm
thickness) and connected to the downpipe. The downpipes
are made of a three-layer wall polypropylene (125 mm
diameter, 8 kN/m2 ring stiffness, and 5.9 mm thick). In the
compact urban scenarios where a catchment is needed (C1,
C2, and C4), only the downpipe dimensions were varied
(160 mm diameter, 8 kN/m2, 7.5 mm thick) as there is more
water to be collected (see Table 1).

Storage The storage subsystem consists of a rainwater
storage tank, the design of which varies depending on its
location and scale (see Fig. 2 and Table 1):

1. Underground tank (scenarios D1 and C1): located at the
base of the downpipe with respect to the foundation

2. Below-roof tank (scenarios D2 and C2): placed at the
center of the roof on a pillar to provide structural
support, just below the lowest point of the roof

3. Distributed-over-roof tank (scenarios D3 and C3):
covers much of the extension of the roof. This tank
has an additional basal water volume of 4 cm depth
which is not intended for consumption but necessary
for its operation. The strategy was designed so that
rainwater flows between the slabs of the roof and is
stored directly in the tank, alleviating the need for
catchment components

4. Block tank (scenarios D4 and C4): located underground
in the center of the block

The concrete used in the tank construction and the
structural reinforcement elements has a characteristic
compressive strength of 20 to 25 MPa. The reinforcement
consists of the extra structural material required in the
building to withstand the weight of the water-filled tank and
is therefore necessary in scenarios with the tank over or
below the roof (D2, D3, C2, and C3). The necessary

structural reinforcement was calculated based on the
difference between the structure with and without the tank.

Steel (80% recycled, yield strength of 500 MPa) was
also considered in the construction of the tank and the
reinforcement (in those scenarios requiring it). The form-
work is made of phenolic particle board (between 3 and
5 m in height and 3 cm thick), which can be reused up to 20
times (Alsina 2010, personal communication, Alsina
Formwork Solutions (http://www.alsina.es/en/index.php)).

Distribution This subsystem consists of a pump (if neces-
sary) and the rainwater supply pipes to its end-use point.
The distribution is from the tank to the center of each
building floor (see Fig. 2). The supplying pipe in the diffuse
density model is made of polypropylene copolymer (25 mm
diameter and 4.2 mm thick). For the compact urban density
model, only the pipe dimensions were varied (90 mm
diameter and 8.2 mm thick) as there is more water to be
distributed (see Table 1).

The scenarios with a tank placed over or below the
roof (D2, D3, C2, and C3) do not require a pumping
system (the distribution system has sufficient pressure to
supply water to a washing machine by gravity flow). In
scenarios with underground tanks (D1 and C1), a
stainless steel submersible pump (0.25 and 2.2 kW for
the diffuse and compact density scenarios, respectively)
was located inside the tank. Additionally, two pumps
were considered at the block scale tanks (in scenarios
D4 and C4), required to pump a larger volume of water
at a greater distance. The power consumption over the
lifespan of the system was calculated based on 10 min
of pumping per wash load, based on the average time
required to fill a washing machine.

Regarding the calculation of the necessary pumping
energy required in the diffuse model scenarios with
underground tanks (D1 and D4), pipe section head
losses of 25% of the height were assumed. The pump
selected must overcome a total head loss of 8 m with a
maximum flow of 19 l/min. In the compact model
scenarios (C1 and C4), head losses of 6.5% of the
height in the pipeline were assumed. In this case, the
pump must overcome a total head loss of 16.5 m with a
maximum flow of 465 l/min. Construction elements and
minor components such as complementary boxes, stop-
cocks, valves, elbows, and filters were excluded from
the analysis.

2.4.5 Life cycle stages

The phases considered in the inventory of the system were
materials, transportation, construction, use, and deconstruc-
tion of each of the three subsystems. The materials stage
comprises the extraction, production, processing, and
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storage of materials used in the RWH infrastructures,
calculated per scenario in both urban models.

In the construction stage, the energy costs related to
infrastructure construction include land excavation and
opening and closing of trenches. However, for both the
diffuse and compact scenarios with tanks over or below the
roof (D2, D3, C2, and C3), the use of machinery in the
construction of the catchment and distribution subsystems
was not considered. Additionally, standard losses of 5% of
the total materials were assumed.

The transport stage includes both local material trans-
portation to the building site (estimated at 30 km) and waste
transport to a local disposal facility (an average distance of
50 km). The types of vehicles (trucks and vans) selected are
representative of the EURO5 engine technology. The use
stage consists of the power demand in the distribution
subsystem for those scenarios with pumping needs (D1,
D4, C1, and C4).

The pipeline deconstruction energy was also not consid-
ered in the demolition phase for the scenarios with tanks
over and below the roof (D2, D3, C2, and C3). In addition,
it was assumed that the energy required in the demolition
and construction stages of the other scenarios (D1, D4, C1,
and C4) was the same for both subsystems because it is
linked with land excavation and the reopening and closing
of trenches.

3 Results

3.1 Inventory data

The inventory data are presented in Table 2, disaggregated for
the diffuse and compact urban scenarios. It describes the
amounts of materials and the energy consumption per FU
grouped into subsystems, components, and life cycle stages.

The storage subsystem had the greatest material require-
ments, which are due to the tank and the structural
reinforcement required (only in scenarios with tanks over
and below the roof), comprising more than 97% of the total
costs of each scenario. Within this subsystem, concrete was
the major constituent in each scenario analyzed. Structural
reinforcement components were also relevant in D2. The
proportions of materials required in the catchment and
distribution subsystems were almost negligible with respect
to the total.

Additionally, the construction energy of the storage
subsystem was significant in scenarios D1 and C1 with
the underground tanks, for total contributions of 57% and
70%, respectively. In contrast, the deconstruction stage was
the main contributor in scenario C2, requiring 21 times
more energy than the distributed-over-roof tank scenario
(D3) and 17 times more than C1 and C4 (see Table 2).

In the diffuse urban models, pumping power con-
sumption during the use stage in the block scenario (D4)
was twice as much as in the building-scale scenario
(D1). In contrast, at compact densities, the inverse was
found; the consumption of C1 was up to five times
greater than C4.

3.2 Impact assessment of systems

The results of the environmental impact assessments
were analyzed separately for the diffuse and compact
urban models (Figs. 3 and 4), disaggregated according to
the total impact and the contribution of the subsystems
defined for each impact category. The contributions of
each life cycle stage in each scenario and the absolute
values of the impact characterizations are shown in
Table 3.

3.2.1 Environmental impacts of diffuse density models

The results of the environmental analysis of impacts
regarding the diffuse density scenarios are presented in
Fig. 3 showing the total relative values of the impacts of
every scenario with reference to the option with the most
negative impacts and the relative contributions of the
subsystems—catchment, storage, and distribution—in each
scenario.

In the diffuse urban model, the best environmental
results were obtained in D3 (distributed-over-roof tank)
except for the impact category of ODP, in which scenario
D4 (block tank) was the best choice (see Fig. 3). Con-
versely, the scenario with the most significant negative
impacts in most of the seven categories analyzed was D2
(tank below cover), except for AP in which D4 showed a
greater contribution.

Impacts of subsystems in diffuse density scenarios For
almost all the scenarios analyzed, the storage subsystem
had the highest environmental impacts in six out of seven
categories analyzed, except for scenario D4 in the AP
category, in which the distribution subsystem was the main
contributor to the total value (see Fig. 3). The impact
contributions of the catchment and distribution subsystems
varied depending on the scenario. It is worth noting that the
total impact for scenario D3 was lower than the others
because it does not require a dedicated harvesting subsys-
tem. The environmental impacts per FU related to each
scenario and the relative weights of the life cycle stages
considered in the diffuse and compact density models are
presented in Table 3.

Impacts of stages in diffuse density scenarios The results
regarding the diffuse density scenarios show that the
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materials stage was by far the major contributor in all of
them (see Table 3). This stage was particularly relevant in
scenarios D2 and D3, representing more than 93% of the
impacts over the total absolute value of each scenario. The
use stage was relevant in D4 and to a lesser extent in D1. Its
contribution varied depending on the impact category
analyzed, reaching 33% of the total contribution to AP in
the D4 scenario.

3.2.2 Environmental impacts of compact density models

Figure 4 shows the relative contributions of the total
environmental impacts with regard to the compact
urban model depending on the highest-impact scenario
and the weight attributed to the subsystems for each
constructive option. These results suggest that the best
performance in environmental terms was achieved by
the tank distributed over the roof (C3) except for ODP,
in which it was the scenario with more impacts (see
Fig. 4). The environmentally worst option was C1, as it

presented higher impacts in six categories (all except
ODP).

Impacts of subsystems in compact density scenarios The
greatest impacts were related to the storage subsystems in
C2, C3, and C4 (see Fig. 4). The distribution subsystem
was the main contributor in C1 except for the ODP
category, in which the storage had the highest impacts in
all scenarios.

Impacts of stages in compact density scenarios The results
from the compact urban model analysis highlight the
materials stage as the most relevant factor in construction
scenarios C2 and C3, with more than 85% of the total
impacts (see Table 3). Furthermore, the use stage in
scenario C1 had the greatest environmental impacts in five
out of the seven categories; the exceptions were ODP and
POCP, in which the materials were the main contributors to
the life cycle impacts of the RWH infrastructures and were
more significant in the former category (see Table 3).
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Fig. 3 Proportional comparison of the total environmental impacts of the diffuse density scenarios by impact category and contributions of the
subsystems
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3.2.3 Comparison of the diffuse and compact density
impacts

From the results obtained, a more favorable environmental
performance can be attributed to compact density urban
models in six out of the seven impact categories analyzed.
Overall, the C3 scenario showed the fewest impacts except for
ODP, in which C4 presented similar contributions (see
Table 3). On the contrary, the scenario with the highest
impacts by far was D2 except in the AP category, in which
C1 was the worst option, doubling the contribution of all the
other scenarios. With regard to ODP impact category, major
environmental impacts can clearly be seen mainly linked to
diffuse urban scenarios rather than to compact ones.

Focusing the analysis on the GWP category, given its
current political relevance, scenario C3 presented the lowest
relative proportion of impacts over the main contributor
(17.2%) followed by scenarios C2 (29.7%), C4 (32.3%),
D3 (50%), D1 (72.4%), C1 (86.4%), and D2 (100%).
Overall, the comparison of the same RWH scenarios in the

diffuse and compact city models also corroborates these
results. Proportionally, nearly three times greater impacts
were observed among the diffuse urban scenarios D2, D3,
and D4 in comparison with their analogs in compact
density (C2, C3, and C4), although this varied depending
on the impact category. In scenarios with the tank below the
roof (D2 and C2), these differences were particularly
relevant, on the order of 69% to 77% lower in C2 than in
D2. On the contrary, the reverse was observed with
scenarios D1 and C1 in the EP, GWP, and AP impact
categories, for which the contributions of C1 were 7%,
16%, and 55% higher, respectively.

4 Discussion

4.1 Impact analysis of the diffuse density model

The environmental results related to the use of RWH
systems in diffuse urban models by the installation of a tank
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distributed-over-the-roof surface (D3) presented the lowest
impact values. Those impacts entailed a reduction from
46% to 73% compared to the scenario with the tank below
the roof (D2), the scenario with the greatest impact (see
Fig. 3). The lower environmental impact associated with
the tank distributed over the roof was mainly linked to the
lack of a catchment subsystem, the absence of power
consumption during the use stage, and a lower volume of
materials related to the storage subsystem. This kind of tank
allows for a better distribution of weight on the structure of
the building because it covers a larger roof area and
requires less structural reinforcement. Additionally, this
strategy integrates existing building materials, as the top of
the building serves as the base of the tank, and its
multifunctional properties should also be considered given
that the tank acts as a thermal insulator for the buildings
(Ruíz and Briz 2010). However, these results should be
compared with the environmental analysis of RWH infra-
structures at the neighborhood scale to determine if this
construction option is still the most ecofriendly in compar-
ison with the construction of more centralized infrastructures.

Here, the results indicated that the major environmental
impacts of all scenarios among the diffuse urban density
models were associated with the storage subsystem (see
Fig. 3) and the material-processing stage (see Table 3),
partially due to the impact of the materials from the tank
and the structural reinforcement (mainly consisting of
concrete and steel). These material impacts determined the
D2 scenario to be the least favorable environmentally due
to the structural reinforcement required in the construction
of the building to offset the weight of the tank located on
the roof on a pillar. Regarding the concrete used in the
construction of the tank and the reinforcement, the cement
content and the transport of components turn out to be the
major contributors to the environmental impacts of concrete
construction (Shuurmans et al. 2005; Oliver-Solà et al.
2009). In particular, cement clinker is the component with
the greatest contribution in the final impact of concrete
(Josa et al. 2004, 2007). For this reason, it is important to
select a concrete with a suitable cement content to fulfill the
target function. In addition, coprocessing in the cement
industry can be an optimum way of recovering energy and
materials from waste, thus reducing the environmental
impacts of concrete during its life cycle (CEMBUREAU
2009). Blengini (2009) also noted the importance of
concrete and steel reinforcement in the stages of extraction
and processing of materials.

Distribution was the largest contributor to the total
impact in the block-tank scenario D4 (42.2%) for the AP
impact category (see Fig. 3). The composition of the
electricity generation mix, consisting of large gas and coal
demands, is the main cause of the increased impacts related
to power consumption used for pumping over the lifespan

of the system. This higher energy consumption in scenario
D4 was due to the existence of a single underground tank,
which must redistribute water to each dwelling on the
block.

4.2 Impact analysis of the compact density model

In the analysis of the compact urban scenarios, it was
observed that the construction option of the tank distributed
over the roof (C3) was the optimum RWH choice in
environmental terms (see Fig. 4). This scenario, despite
showing the highest impacts in the ODP category due to the
storage subsystem, presented from 64% to 92% lower
environmental impact overall than the underground tank
(C1), which had the most significant negative impact (see
Fig. 4). Nevertheless, the ODP category had contributions
of more than 80% of the total impact in all four scenarios
due to the building materials load.

C1 was the scenario with the greatest impacts among the
compact density models for most impact categories except
ODP; the impacts were associated with the distribution
subsystem (see Fig. 4) during the use period of the
infrastructure (see Table 3), mainly attributable to the
pumping power required to supply water to a higher
apartment density in such compact buildings. This scenario
had twice the contribution of the other scenarios in most
impact categories except for HTP and POCP. Therefore, in
this urban density scenario, it is in the use stage where
efforts should be concentrated to reduce the environmental
impacts, for instance, by means of the installation of more
efficient pumps.

With reference to scenarios C2 (below-roof tank), C3
(distributed-over-roof tank), and C4 (block tank), the higher
impact values were generally associated with the storage,
owing to the tank materials and structural reinforcement
components (concrete and steel) (see Table 3). However, in
the compact urban density model (C2), the structural
reinforcement was not as relevant as in the diffuse model
(D2).

4.3 Impact comparison of the diffuse and compact density
model

Generally, the results of this study indicate that the
environmental impacts of RWH systems in compact
densities are almost three times lower than in diffuse
densities except for the C1 scenario. The exploitation of
this resource is higher in compact cities as there is a
greater demand in relation to rainwater availability. As an
example, the resulting impact values for the GWP
category of the compact density scenarios C2, C3, and
C4 were 2.2 to 4.4 times lower than in the D1 scenario
with an underground tank.

Int J Life Cycle Assess



The infrastructure impacts are expressed in relation to
the defined FU (1 m3 of rainwater supplied per person and
year). Therefore, comparing and interpreting the total impacts
obtained from the characterizations for both urban densities
should be done with caution, as the RWH infrastructures were
designed to provide different amounts of water depending on
the urban model considered. Choosing a constant demand
throughout the year, such as laundry, results in a tank that is
empty more often at the beginning of each rainfall in higher
density areas (Rahman et al. 2010). This hypothesis affects
the sizing of the tank as the dimensions can be chosen based
on the minimum amount of volume needed since the water
will not remain much time in the tank.

The criteria used for choosing the tank dimensions were
based on the optimum water storage yield by means of the
RainCycle software (Roebuck and Ashley 2006), which
models the volumetric parameters of the tank based on the
potential daily rainfall supply and a constant laundry
demand throughout the year. The storage volumes selected
were the cause of a higher amount of overflow in the
diffuse urban density. This is due to the availability of large
rainwater catchment areas per inhabitant (94 m2/inhabitant).
These frequent overflow volumes could be used in other
non-potable domestic uses, such as garden watering or
vehicle and outdoor cleaning, thus reducing the impacts of
the diffuse density scenarios per FU. In contrast, the low
unitary catchment surface availability in the compact
density model (11 m2/inhabitant) combined with the high
demand concentrated in a building indicates the maximiza-
tion of the rainwater volume used, causing fewer overflows
in the system.

The definition of variables determines that different
proportion of demand can be fulfilled in each urban
density: The water self-sufficiency for laundry was 98%
in the diffuse urban models and 47% in the compact ones.
As a result, in compact densities, more conventional
municipal water is required to meet the demand. The
differing roof-surface availability determines that the RW
supply is greater in diffuse densities, and hence, the
proportion of demand is also considerably higher. The
variability of the water self-sufficiency of these systems
indicates the highly site-specific nature of RWH for demand
management, along with the fact that implementation issues
can have a significant impact on system efficiency (Ward
2010). These results could be further improved by the study
of the relationship between surface area, height, and dwelling
density per building to determine the optimum RWH
infrastructure for each kind of urban model.

In this context, water efficiency can be defined as the
relationship between the water delivered by the system (the
output, namely the collection, storage, and supply of 1 m3 of
rainwater per person per year) and the amount of water
required for that particular purpose (which can be estimated as

the water footprint). From an environmental point of view, the
scenario with a higher ecoefficiency should be the one with
fewer impacts per cubic meter of water delivered. In this case,
from among all the scenarios analyzed, C3 (distributed-over-
roof tank) is the most ecoefficient choice. From the discussion
above, it can be concluded that compact density urban models
are more ecoefficient than diffuse density ones.

Another way to determine the water efficiency of each
scenario is by means of its water footprint, defined as the
volume of water used along the lifecycle of the infra-
structures (Hoekstra et al. 2011). Therefore, the RWH
scenario most water efficient would be the one with the
lowest demand to satisfy the FU defined (which means
lower water footprint values). The water footprint of the
eight scenarios under study was estimated, and the results
indicate that in the diffuse density neighborhood, water
footprint values range from 17.7 to 4.9 m3 of water
footprint per m3 of water supplied. In this urban model,
scenario D3 and D2 present the lowest and highest water
footprint values, respectively. In the compact density urban
model, results indicate that C1 scenario shows the highest
water footprint from among all (7.7 m3 water footprint/m3

water supplied) while C3 scenario is the least water
intensive (1.5 m3 water footprint/m3 water supplied).
Comparing both urban densities, it can be stated that
compact neighborhoods are between 1.4 and 3.3 times
more water efficient in water footprint terms than diffuse
ones due to the fewer materials needed per cubic meter
supplied. These results agree with the previous ecoeffi-
ciency analysis as both conclude that compact density
urban models are more water efficient than diffuse ones, in
particular C3 scenario is the most water-efficient strategy.

4.4 Comparison of the impacts with conventional networks
and alternative water techniques

Table 4 shows an impact comparison between two of the
RWH scenarios presented in this study (C3 and C4 as
examples of a gravity distribution system and a pumping
supplying system respectively), the drinking main water
supply system (Muñoz et al. 2010), and other alternative
technologies such as water transfer from the Ebro river
(Spain), wastewater reclamation, desalination by reverse
osmosis (RO), and wastewater treatment (Raluy 2009). The
indicators selected given their importance are the GWP
(kilogram CO2eq per cubic meter of water supplied) and the
energy demand during use stage (kilowatt-hour per cubic
meter). All data refer to Mediterranean regions in order to
allow comparisons with the maximum reliability.

As can be seen from Table 4, RWH systems (in particular
scenarios C3 and C4) are within the same order of
magnitude as the current drinking main water supply and
the alternative water technologies, being much less energy-
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intensive than desalination (RO) processes and water
transfers from rivers. On the one hand, it is quite obvious
that main water supply networks show lower energetic and
infrastructural impact values since the amount of water that
goes through this system is much larger than the built
infrastructure that supports it. On the other, alternative
systems require high amounts of energy during its use stage
(Ward 2010). These results agree with the energy analysis
of different water supply technologies performed by Stokes
and Horvath (2006) in California. Their results indicate that
desalination technologies are among the most energy-
intensive technologies nowadays, causing from 2 to 18
times more carbon emissions than water importation or
recycling. The comparison of the different GWP results and
the energy demand during use stage altogether indicates
that scenario C3 is environmentally better than all the other
alternative technologies and is as well very similar to the
GWP results obtained for the drinking main water supply
production and distribution.

However, the comparison between RWH scenarios and
the other options is somewhat impeded because the first
refer to local water management strategies while drinking
main water supply systems and alternative technologies
take into account larger scales (regional or basin scales).
Data regarding these options (shown in Table 4) do not
consider the entire distribution infrastructure to the final
consumer, and then a large part of the infrastructure is
missing in this analysis. Besides, drinking water systems
show large network losses from 15% to 30%, much higher
than those obtained by RWH and the lifespan of the water
production and distribution infrastructures is usually longer
as well (about 70 years); this should also be adjusted to
make a more consistent comparison.

5 Conclusions

The strategies for using rainwater raised in this study are
located in Mediterranean environments, which are at

present characterized by a growing water demand and the
prospect of worsening water shortages. The implications of
this situation are the need to import water from other
regions or to find alternative, unconventional water sources.
In this context, the use of endogenous local resources, such
as rainwater, is one possible solution for increasing water
supply and an adaptive strategy to mitigate the repercus-
sions of climate change. The current study estimated the
environmental impacts related to RWH systems in two
contrasting urban density models (diffuse and compact) for
eight defined scenarios differentiated in terms of scale and
location of the storage tanks.

From the outcomes of the LCA of RWH systems, it was
observed that the environmentally optimal infrastructure,
regardless of urban density, locates the tank on the roof in
an integrated design extended across the top of the building
that evenly distributes the weight on the structure. The
determining factor here is the reduced need for structural
components; additionally, the absence of catchment com-
ponents, the use of the gravity flow to distribute the water
supply, and the adjustability of the tank to the shape of the
roof are other advantages of this scenario.

The storage subsystem and the life cycle stage of
extraction and processing of the tank materials and the
structural reinforcement components are critical factors to
consider in the environmental optimization of these infra-
structures. These material components—especially the
reinforcement—are important in the diffuse density model,
particularly in the scenario with the tank placed on the roof
on a pillar (D2), with a relative contribution of more than
95% of the total impact in all categories.

The environmental impacts associated with compact
urban density models were lower than those in the diffuse
density models. However, this did not show a linear trend
and is conditional on the type of building reinforcement and
pumping system needed as well as on the structural and
hydraulic assumptions made. At compact urban densities,
the distribution subsystem is the main consideration in the
environmental improvement of the infrastructures. These

Table 4 GWP and energy demand impact comparison of three water management systems: RWH, drinking main water supply systems, and
alternative technologies

GWP (kg CO2eq/m
3) Energy demand (kWh/m3)

RWH C3 (gravity system) 0.64 0.00

C4 (pumping system) 1.20 2.10

Drinking mains water (Muñoz et al. 2010) Water production 0.37 0.14

Water distribution 0,44 0.20

Alternative technologies (Raluy 2009) Water transfer from river 1.51 2.50

Wastewater reclamation 0.62 0.50

Desalination (RO) 1.96 4.00

Wastewater treatment 0.91 1.04
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impacts are especially relevant in the underground tank
scenario at the building scale (C1) and are due to the power
consumption during the use stage of the infrastructure.
Water pumping to each dwelling contributes to more than
the 78% of the total impact of this scenario for the GWP
category. Therefore, the distribution subsystem role is
particularly decisive when the pump must supply water to
important heights.

The incorporation of the most favorable construction option
in the definition and design of new residential areas can provide
a significant reduction in CO2 emissions. The possibility of
integrating a tank distributed over the roof in the design of a
building rather than constructing an underground tank in an
existing one (often the only option in retrofit) generally
reduces the environmental impacts up to 4.7 times in the
compact urban density and 1.5 times in the diffuse.

The comparison of diffuse and compact urban systems
concluded that, on the one hand, this kind of network
implemented in the diffuse urban city model could allow for
almost total self-sufficiency in water for laundry demand, with
a simultaneous water surplus in the system; on the other hand,
the adaptation of these infrastructures in compact city models
would result in lower unitary environmental impacts and in
higher water efficiencies, although they are characterized by a
greater water deficit, with a 47% of the demand met. As a
result, the selection of the environmentally optimal infrastruc-
ture for the implementation of RWH systems at an urban scale
provides useful guidance in urban planning and design by
integrating environmental criteria into the decision-making
process. Regarding the comparison between RWH systems,
conventional networks, and alternative technologies, it can be
concluded that a priori rainwater can be considered a
competitive resource, especially in urban areas with scarce
water resources, but further studies are needed in order to
consider RWH in amacroscale of the same order of magnitude
and to include additional adjustments in order to make a
consistent comparison.

6 Recommendations and perspectives

In the context of a Mediterranean climate, the comparison of
the environmental results of RWH infrastructures with other
alternative water supply strategies, such as desalination, water
import, andwater recycling, should be promoted through tools
that consider the entire life cycle of these systems.

Conducting a comparative analysis of the materials used in
the tank, structural reinforcement, pipes, and pump would be
useful in evaluating the representativeness of the results
obtained here and comparing them with other alternatives.
The possibility of offering a potential water surplus to nearby
city areas should also be explored (other residential districts,
urban facilities, or public and private services). Additionally,

the environmental impacts of RWH infrastructures should be
assessed with regard to renovated buildings in future research,
allowing a comparison of the outcomes of strategies for new
building with those for existing buildings.

The optimization of the relative position of the tank in
the building and the location of the points of use are other
subjects which could be studied to reduce the environmen-
tal impact of RWH systems. In addition, the analysis of the
optimal ratio between roof area and building height would
be useful to determine the best scenario in each city model.

Further research should include an energetic analysis. In
this context, it would be interesting to take into account the
indirect energy savings linked to the placement of the tank
distributed over the roof of the buildings as well as its
function as a thermal regulator. Further studies should also
integrate the economic and social analysis of the systems to
evaluate the most cost-efficient option, the social perception
of these infrastructures, and their repercussions on users.
The results can be complemented with the corresponding
quality analysis of stormwater runoff, as this is a topic of
current concern among water managers and users.

Acknowledgments Part of this research has been performed within
the framework of the project PluviSost “Análisis ambiental del
aprovechamiento de las aguas pluviales urbanas” (ref. CTM2010-
17365), with the financial support of the Ministry of Science and
Innovation (Government of Spain). The authors are also grateful for
the support of the Spanish Ministry of Education and Science
(National Plan): BIA2010-20789-C04-01.

References

Aschmann H (1973) Distribution and peculiarity of Mediterranean
ecosystems. In: di Castri F, Mooney HA (eds) Mediterranean type
ecosystems. Origin and structure. Springer, Berlin

Australian Bureau of Statistics (2004) Household and family projec-
tions 2001–2026. http://www.abs.gov.au. Accessed May 2010

Bates BC, Kundzewicz ZW, Wu S, Palutikof JP (2008) El Cambio
Climático y el Agua. Documento técnico del Grupo Interguber-
namental de Expertos sobre el Cambio Climático. Secretaría del
IPCC, Ginebra

Beavis P, Lundie S (2003) Integrated environmental assessment of
tertiary and residuals treatment—LCA in the wastewater industry.
Water Sci Technol 47(7–8):109–116

Blengini GA (2009) Life cycle of buildings, demolition and recycling
potential: a case study in Turin, Italy. Build Environ 44:319–330

Bronchi V, Jolliet O, Crettaz P (1999) Life cycle assessment of
rainwater use for domestic needs. In: 2nd inter regional
conference on environment water, Envirowater 99, EPFL 1015
Lausanne, September 99

CEMBUREAU (2009) Sustainable cement production. Co-processing
of alternative fuels and raw materials in the European cement
industry. http://www.cembureau.be/sites/default/files/Sustainable
%20cement%20production%20Brochure.pdf. Accessed Sep
2010

CEMBUREAU, BIBM, EFCA, ERMCO, EUROFER, UEPG (2003)
EcoConcrete software tool. CEMBUREAU, Brussels

U.S. Census Bureau (2010) http://factfinder.census.gov/home/saff/
main.html?_lang=en. Accessed Jun 2010

Int J Life Cycle Assess

http://www.abs.gov.au
http://www.cembureau.be/sites/default/files/Sustainable%20cement%20production%20Brochure.pdf
http://www.cembureau.be/sites/default/files/Sustainable%20cement%20production%20Brochure.pdf
http://factfinder.census.gov/home/saff/main.html?_lang=en
http://factfinder.census.gov/home/saff/main.html?_lang=en


Crettaz P, Jolliet O, Cuanillon JM, Orlando S (1999) Life cycle
assessment for drinking water and rain water for toilets flushing.
Aqua 48(3):78–83

CYPE (2010) Programa informático CYPECAD—Módulo utilizado
CYPECAD 2010.g (versión de evaluación). CYPE Ingenieros,
Alicante. http://www.cype.es/

Das T (2002) Evaluating the life-cycle environmental performance of
chlorine disinfection and ultraviolet technologies. Clean Technol
Envir 4:32–43

Di Castri F, Mooney H (1973) Mediterranean type ecosystems.
Springer, New York

EC (2000) 2000/45/EC: Commission Decision of 17 December 1999
establishing the ecological criteria for the award of the
Community eco-label to washing machines. EC, Brussels

Ecoinvent (2009) Swiss Centre for Life Cycle Inventories. Ecoinvent
database v3.0. Technical report. http://www.ecoinvent.ch/.
Accessed May 2010

Environmental Agency (2008) Harvesting rainwater for domestic
uses: an information guide. Reference number/code
GEHO0108BNPN-E-E. Environmental Agency, Bristol

EUROSTAT (2010) http://appsso.eurostat.ec.europa.eu/nui/show.do.
Accessed May 2010

Farreny R, Gabarrell X, Rieradevall J (2011a) Cost–efficiency of rainwater
harvesting strategies in dense Mediterranean neighbourhoods.
Resour Conserv Recycl. doi:10.1016/j.resconrec.2011.01.008

Farreny R, Guisasola A, Morales–Pinzón T, Tayà C, Rieradevall J,
Gabarrell X (2011b) Roof selection for rainwater harvesting:
quantity and quality assessment. Water Res. doi:10.1016/j.
watres.2011.03.036

Fewkes A (2000) Modelling the performance of rainwater collection
systems: towards a generalised approach. Urban Water J 1
(4):323–333

Flower DJM, Mitchell VG, Codner GP (2007) Urban water systems:
drivers of climate change? In: Proceeding of the rainwater and
urban design 2007, IRCSAXIII Conference, Sydney, Australia

Fragkou M, Gabarrell X, Vicent T (2008) Artificial water flow
accounting in a Mediterranean coastal region. In: Malhotra G
(ed) Development issues of environmental growth. Macmillan
India, New Delhi

Friedrich E (2002) Life-cycle assessment as an environmental
management tool in the production of potable water. Water Sci
Technol 46(9):29–36

Göbel P, Dierkes C, Coldewey WG (2007) Storm water runoff
concentration matrix for urban areas. J Contam Hydrol 91(1–
2):26–42

Gould J, Niessen-Peterson E (1999) Rainwater catchment systems for
domestic supply: design, construction and implementation.
Intermediate Technology, London

Grant T, Hallmann M (2003) Urban domestic water tanks: life cycle
assessment. Water, August 2003:22–27

Griggs JC, Shouler MC, Hall J (1997) Water conservation and the
built environment. 21Adwater: architectural digest for the 21st
century. Oxford Brookes University, Oxford

Guinée JB (ed), Gorrée M, Heijungs R, Huppes G, Kleijn R, de Koning
A, van Oers L, Wegener Sleeswijk A, Suh S, Udo de Haes HA, de
Bruijn H, van Duin R, Huijbregts MAJ, Lindeijer E, Roorda AAH,
Weidema BP (2001) Life cycle assessment: an operational guide to
the ISO standards. Parts 1 and 2. Ministry of Housing, Spatial
Planning and Environment (VROM) and Centre of Environmental
Science (CML), Den Haag (Guinée JB, final editor)

Herz RK, Lipkow A (2002) Life cycle assessment of water mains and
sewers. Water Sci Technol 2(4):51–58

Hiessl H, Wals R, Toussaint D (2001) Design and sustainability
assessment of scenarios of urban water infrastructure systems. In:
Proceedings of the 5th International Conference on Technology
and Innovation, Delft, Netherlands

Hills S, Birks R, Mckenzie B (2001) The millennium dome ‘water-cycle’
experiment: to evaluate water efficiency and customer perception at
a recycling scheme for 6 million visitors. In: Proceedings of the IWA
second world water congress. Berlin, pp 15–19

Hoekstra AY, Chapagain AK, Aldaya MM, Mekonnen MM (2011) The
water footprint assessment manual. http://www.waterfootprint.
org/downloads/TheWaterFootprintAssessmentManual.pdf.
Accessed Mar 2011

ISO (International Organization of Standardization) 14042 (2000)
Environmental management-lify cycle assessment-life cycle
impact assessment. Geneva, Switzerland

ISO 14040 (2006) Environmental management—life cycle assessment
—principles and framework. International Standard 14040.
International Organisation for Standardisation, Geneva

Josa A, Aguado A, Heino A, Byars E, Cardim A (2004) Comparative
analysis of available life cycle inventories of cement in the EU.
Cem Concr Res 34(8):1313–1320

Josa A, Aguado A, Cardim A, Byars E (2007) Comparative analysis
of the life cycle impact assessment of available cement
inventories in the EU. Cem Concr Res 37(5):781–788

Kellagher R, Maneiro Franco E (2005) Rainfall collection and use in
developments; benefits for yield and stormwater control. WaND
Briefing Note 19; WP2 Briefing Note 2.15; Report SR 677
Release 2.0 (Nov 2005). WaND, Wallingford

Kim RH, Lee S, Kim YM, Lee JH, Kim SK, Kim JG (2005)
Pollutants in rainwater runoff in Korea: their impacts on
rainwater utilization. Environ Technol 26:411–420

Konig KW (2001) The rainwater technology handbook: rainwater
harvesting in building. Wilo-Brain, Dortmund

Lassaux S, Renzoni R, Germain A (2007) Life cycle assessment of
water from the pumping station to the wastewater treatment plant.
Int J Life Cycle Assess 12(2):118–126

Lawson S, LaBranche-Tucker A, Otto-Wack H, Hall R, Sojka B,
Crawford E, Crawford D, Brand C (2009) Virginia rainwater
harvesting manual, 2nd edn. The Cabell Brand Center,
Salem

Leggett DJ, Brown R, Brewer D, Stanfield G, Holliday E (2001)
Rainwater and greywater use in buildings: best practice guidance.
CIRIA report C539. CIRIA, London

Levine A, Asano T (2004) Recovering sustainable water from
wastewater. Environ Sci Technol 38(11):201A–208A

Lundie S, Peters GM, Beavis P (2004) Life cycle assessment for
sustainable metropolitan water systems planning. Environ Sci
Technol 38(13):3465–3473

Lundin M (2003) Indicators for measuring the sustainability of urban
water systems—a life cycle approach. Doctoral thesis, Chalmers
University of Technology, Göteborg, Sweden

Lundin M, Morrison GM (2002) A life cycle assessment based
procedure for development of environmental sustainability
indicators for urban water systems. Urban Water J 4(2):145–
152

MetaBase ITeC (2010) Online ITeC database: prices, technical details,
companies, certificates, product pictures and environmental data.
http://www.itec.cat/metabase. Accessed Feb 2010

Muñoz I, Ll Milà-i-Canals, Fernández-Alba AR (2010) Life cycle
assessment of water supply plans in Mediterranean Spain. J Ind
Ecol 14(6):902–918

Mustow S, Grey R, Smerdon T, Pinney C, Waggett R (1997) Water
conservation: implications of using recycled greywater and stored
rainwater in the UK. BSRIA, Bracknell

Nolde E (2007) Possibilities of rainwater utilisation in densely
populated areas including precipitation runoffs from traffic
surfaces. Desalination 215(1–3):1–11

Oliver-Solà J, Josa A, Rieradevall J, Gabarrell X (2009) Environmen-
tal optimization of concrete sidewalks in urban areas. Int J Life
Cycle Assess 14:302–312

Int J Life Cycle Assess

http://www.cype.es/
http://www.ecoinvent.ch/
http://appsso.eurostat.ec.europa.eu/nui/show.do
http://dx.doi.org/10.1016/j.resconrec.2011.01.008
http://dx.doi.org/10.1016/j.watres.2011.03.036
http://dx.doi.org/10.1016/j.watres.2011.03.036
http://www.waterfootprint.org/downloads/TheWaterFootprintAssessmentManual.pdf
http://www.waterfootprint.org/downloads/TheWaterFootprintAssessmentManual.pdf
http://www.itec.cat/metabase


Parkinson J, Schütze M, Butler D (2005) Modelling the impacts of
domestic water conservation on the sustainability of the urban
sewerage system. Water Environ J 19(1):49–56

PRé Consultants (2010) SimaPro 7.2.0. PRé Consultants, Amersfoort
Rahman A, Dbais J, Imteaz M (2010) Sustainability of rainwater

harvesting systems in multistorey residential buildings. Am J Eng
Appl Sci 3:889–898

Raluy G (2009) Evaluación ambiental de la integración de procesos de
producción de agua con sistemas de producción de energía.
Dissertation, Departamento de Ingeniería Mecánica, Universidad
de Zaragoza

RiverSides (2009) Rainwater harvesting, energy conservation and
greenhouse gas emission reductions in the City of Toronto. http://
www.toronto.ca/taf/pdf/riversides-080709.pdf. Accessed Jan 2010

Roebuck RM, Ashley RM (2006) Predicting the hydraulic and life-
cycle cost performance of rainwater harvesting systems using a
computer based modeling tool. In: Proceeding of the 4th
International Conference on Water Sensitive Urban Design, Apr.
2–7, Melbourne, Australia, pp 699–706

Roebuck RM, Oltean-Dumbrava C, Tait S (2010) Whole life cost
performance of domestic rainwater harvesting systems in the United
Kingdom. Water Environ J. doi:10.1111/j.1747-6593.201000230.x

Ruíz F, Briz J (2010) Estudio de los efectos de la Azotea Ecológica
Aljibe sobre el Ahorro Energético. Investigación desarrollada a
escala natural en un edificio experimental construido al efecto
(Proyecto Módulos I) [Study of the effects of the Ecological Roof
Cistern on Energy Conservation. Natural scale investigation
developed in an experimental building constructed for that
purpose (Project Module I)]. INTEMPER. http://www.intemper.
com/pdfDt/ProyectoModulosI_20100301.pdf. Accessed Jun
2010

Sazakli E, Alexopoulos A, Leotsinidis M (2007) Rainwater harvest-
ing, quality assessment and utilization in Kefalonia Island,
Greece. Water Res 41:2039–2047

Sharma SK, Vairavamoorthy K (2009) Urban water demand manage-
ment: prospects and challenges for the developing countries.
Water Environ J 23(3):210–218

Shuurmans A, Rouwette R, Vonk N, Broers JW, Rijnsburger HA,
Pietersen HS (2005) LCA of finer sand in concrete. Int J Life
Cycle Assess 10(2):131–135

Singh VP (1992) Elementary hydrology. Prentice Hall, Englewood
Cliffs, Chapt. 18

Slys D (2009) Potential of rainwater utilization in residential housing
in Poland. Water Environ J 23:318–325

SMC (2007) Results obtained from data provided by the Meteorolog-
ical Service of Catalonia (Servei Meteorològic de Catalunya).
http://www.smc.com. Accessed May 2010

Stokes J, Horvath A (2006) Life cycle energy assessment of alternative
water supply systems. Int J Life Cycle Assess 11(5):335–343

Strutt J, Wilson S, Shorney-Darby H, Shaw A, Byers A (2008) Assessing
the carbon footprint of water production. J AWWA 100(6):80–91

Tillman A, Svingby M, Lundström H (1998) Life cycle assessment of
municipal waste water systems. Int J Life Cycle Assess 3(3):145–157

Trenberth KE, Jones PD, Ambenje P, Bojariu R, Easterling D, Klein
Tank A, Parker D, Rahimzadeh F, Renwick JA, Rusticucci M,
Soden B, Zhai P (2007) Observations: surface and atmospheric
climate change. In: Solomon S, Quin D, Manning M, Chen Z,
Marquis M, Averyt KB, Tignor M, Miller HL (eds) Climate
change 2007: the physical science basis. Contribution of working
group I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge,
p 238

UN (2010) World urbanization prospects: the 2009 revision. http://esa.
un.org/unpd/wup/Documents/WUP2009_Highlights_Final.pdf.
Accessed May 2010

UNEP (2002) Rainwater harvesting and utilisation; an environmen-
tally soundly approach for sustainable urban water; an introduc-
tory guide for decision makers. http://www.unep.or.jp/Ietc/
Publications/Urban/UrbanEnv-2/index.asp. Accessed Mar 2010

Vaes G, Berlamont J (1999) The impact of rainwater reuse on CSO
emissions. Water Sci Technol 39(5):57–64

van Roon M (2007) Water localisation and reclamation: steps towards
low impact urban design and development. J Envir Manag 83
(4):437–447

Venkatesh G, Hammervold J, Brattebø H (2009) Combined MFA-LCA
of Oslo wastewater pipeline networks (case study of Oslo,
Norway). J Ind Ecol 13(4):532–550

Villarreal EL, Dixon A (2005) Analysis of rainwater collection system
for domestic water supply in Ringdansen, Norrkoping, Sweden.
Build Environ 49(9):1174–1184

Ward S (2010) Rainwater harvesting in the UK: a strategic framework
to enable transition from novel to mainstream. Dissertation,
University of Exeter

Zaizen M, Urakawa T, Matsumoto Y, Takai H (2000) The collection of
rainwater from dome stadiums in Japan. UrbanWater J 1(4):335–359

Zhu K, Zhang L, Hart W, Liu M, Chen H (2004) Quality issues in
harvested rainwater in arid and semi-arid Loess Plateau of
northern China. J Arid Environ 57(4):487–505

Int J Life Cycle Assess

http://www.toronto.ca/taf/pdf/riversides-080709.pdf
http://www.toronto.ca/taf/pdf/riversides-080709.pdf
http://dx.doi.org/10.1111/j.1747-6593.201000230.x
http://www.intemper.com/pdfDt/ProyectoModulosI_20100301.pdf
http://www.intemper.com/pdfDt/ProyectoModulosI_20100301.pdf
http://www.smc.com
http://esa.un.org/unpd/wup/Documents/WUP2009_Highlights_Final.pdf
http://esa.un.org/unpd/wup/Documents/WUP2009_Highlights_Final.pdf
http://www.unep.or.jp/Ietc/Publications/Urban/UrbanEnv-2/index.asp
http://www.unep.or.jp/Ietc/Publications/Urban/UrbanEnv-2/index.asp

	Environmental analysis of rainwater harvesting infrastructures in diffuse and compact urban models of Mediterranean climate
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Alternative water management systems: RWH
	Environmental assessment of RWH at an urban scale

	Goal and scope
	Objectives
	Functional unit
	Methodology
	Environmental calculation tools
	Structural and hydraulic calculation tools
	Reference flows

	Description of the system under study
	Urban density
	Infrastructures
	Rainwater infrastructure scenarios
	Definition of the subsystems
	Life cycle stages


	Results
	Inventory data
	Impact assessment of systems
	Environmental impacts of diffuse density models
	Environmental impacts of compact density models
	Comparison of the diffuse and compact density impacts


	Discussion
	Impact analysis of the diffuse density model
	Impact analysis of the compact density model
	Impact comparison of the diffuse and compact density model
	Comparison of the impacts with conventional networks and alternative water techniques

	Conclusions
	Recommendations and perspectives
	References


