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ABSTRACT

Water scarcity, imperfect consumption patterns, rapid global population increase, surpass-
ing consumption ratio, and several further factors overstress the urging necessity to system-
atically access and utilize supplementary and most importantly renewable water supply
resources. Moreover, application of suitably designed and well-maintained rainwater har-
vesting systems within the context of the built environment while generalizing the focus on
diverse building typologies is promoted as a promising resolution to these systemic issues.
Despite the numerous positive benefits of utilizing rainwater harvesting as a means of sup-
porting sustainable development and green built environments, there exists a gap in prop-
erly integrating these design features to deliver congruent sustainable outcomes. Accurate
design and configuration, simulation, localization, and imposing proper maintenance
schemes are expected to be followed in order to accomplish the ultimate goal of executing
rainwater harvesting systems. Besides the inevitable noteworthy role of governments in
educating, providing prospects and supporting these decentralized water supply and
consumption systems is encouraged. Ultimately, this paper provides an overview on the
contemporary rainwater harvesting systems, the respective implications and systematic con-
figurations, quality assessments, the potential of rightfully merging them with green roofs
and green built environment criteria, and eventually manipulated government regulation to
provide insights for overcoming the aforementioned intensifying rainwater-related concerns.

Keywords: Rainwater harvesting systems; Green built environment; Renewable water
resources; Water scarcity; Government policies

1. Introduction

For a sustainable urban future, water supply has
become a critical issue globally. Cities are rapidly

growing and their infrastructure evolving to fulfill the
rising demands of inhabitants. Numerous studies have
accordingly drawn attention to the circumstances of
creating greener and smarter urban areas in order
to respond to the current social demands and
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environmental issues. Accordingly, global water
resources (Fig. 1) have become an international matter
of significant concern according to the rapid growth
(Fig. 2) of global population [1].

UNEP expressed that only less than 1% (2.5%
including frozen and snow-covered) of all existing
freshwater resources are consumable for humans.
However, even this small proportion of currently
available freshwater resources is being eroded through
incremental pollution (Fig. 3).

Nevertheless, the water consumption increase rate
during the previous century has been twice the rate
of global population growth [4]. Besides, promotion
of sustainable urban development urges to consider
reduction of desalinated water supply dependence
as well as decrease of energy-intensive water
treatment approaches [5]. Consequently, as absolute
water demand grows, the need to identify and
exploit alternative water resources becomes more
severe [6].

1.1. Rainwater harvesting systems and implications

Water scarcity, as the result of water demand sur-
passing accessible water resources, can occur virtually
anywhere. Scarcity is usually associated with arid cli-
mates and areas with low water availability. However,
it can also potentially occur in areas with high rainfall
due to either population density or excessive residen-
tial-agricultural-industrial water consumptions. This
then highlights the need for ongoing access to renew-
able water resources [7]. A further factor compounding
the problem comes from inefficient water transmission,
treatment, and disposal system demanding large
amounts of resource and energy resulting in undesired
additional costs and environmental degradation [6].

It is evident that the observed severe droughts,
increased water demands, and the impacts of storm-
water run-offs highlighted have attracted the attention
of academicians and practitioners to apply rainwater
harvesting systems. Rainwater captured as run-off

Fig. 1. Global water cycle—source [2].
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from built assets has thus been identified as providing
an invaluable supplement to existing water supply
resources.

There are some obvious substantial sustainability
benefits that can accrue from harvesting rainwater
from built assets, rather than having to manage and
reticulate that water away. Thus, it is apparent that
there is a pressing need to implement observational
studies on the performance of alternative water supply
technologies aligned with sustainability objectives [8].
Rainwater harvesting is proven to be beneficial while
utilized in urban areas; however, as there exist various
rural areas around the world with either no or limited

access to potable water, the role of applying rainwater
harvesting systems in these areas is equally vital for
future sustainability of populations [5]. Despite the
potential existence of obstacles along the way, applica-
tion of rainwater harvesting systems in humid and
well-developed regions is expected to be effective [9].
While rainwater harvesting is considered to have mod-
erate effects in urban areas with average rainfall, it is
proven to be inefficient in areas with arid climates [10].

Rainwater harvesting consists of technology to sim-
ply collect and store rainwater from rooftops, land
surfaces, or rock catchments. In its elementary form,
rainwater harvesting utilizes simple storage tanks and
cisterns to contain run-off from infrastructure for
future use within that infrastructure or closely situated
facilities. There are more complicated approaches sim-
ilarly used, including underground check dams to
achieve similar outcomes [11]. Generally, rainwater
harvesting systems include a waterproof catchment
surface to initially collect the rainwater, a delivery sys-
tem to transfer the collected rainwater to storage
tanks, and eventually the storage tank. It is recom-
mended to use either plastic or metal equipment
within the systems based on their high durability [9].
Fig. 4 indicates the configuration of a typical rainwater
harvesting system.

The harvested rainwater is an ideal, clean, and
renewable source of water supply for consumption
during residential and non-residential practices [5].
Fig. 5 indicates the total global renewable water
resources.

Fig. 2. World population growth—source [3].

Fig. 3. World saline and fresh water supply—source [2].

A. GhaffarianHoseini et al. / Desalination and Water Treatment 57 (2016) 95–104 97



Rainwater harvesting is not only about collecting
and saving water as an auxiliary supply for the grow-
ing demand. There are further implications as part of
wider water management strategy, including individu-
als rationalizing and managing water collection, stor-
age, and consumptions [11]. In addition to its basic
functionality, rainwater harvesting in urban areas can
also prevent urban stream degradation and urban
flooding through providing an attenuating “buffer” for
excess water in the event of extreme precipitation [5].

Rainwater harvesting assists with facilitating pota-
ble and non-potable water resources. Even in instances

that the storage tank water is expected to be used for
non-potable purposes, such as toilet flushing, laundry,
outdoor landscape use, and irrigation, these practices
account for about 80% of the overall typical household
water consumption [9].

1.2. Rainwater harvesting—design and configurations

Suitable design and simulation to inspect the effi-
ciency of the proposed rainwater harvesting systems
enhances its benefits [13]. The task is complex.
Identifying the performance metrics and configuration

Fig. 4. A typical rainwater harvesting system—source [12].

Fig. 5. Total global renewable water resources—source [2].
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of a rainwater harvesting system design regularly
incorporates consideration of incompatible objectives.
These include the requirement for it to provide a reli-
able water supply, minimization of run-off volume
and moderating the system implementation costs.
Correspondingly, it is highly advisable to simulate
and assess the performance of a rainwater harvesting
system over an extensive duration of time. In effect, a
life cycle approach has to be considered in the estab-
lishment of the system, and accordingly interpret its
capability to meet water quality, supply, and eventu-
ally the economic objectives. Table 1 indicates the typi-
cal sub-systems of a rainwater harvesting setup.

Design and configuration of an optimal rainwater
harvesting system is a complex task. There are
multiple optimal—and near optimal—solutions based
on diverse compositions of impermeable surface
measurements, capacity of storage tanks, rainwater
stipulation, and the local demand for water. This
complicates selection of the most appropriate
combination of parameters. Consequently, researchers
have introduced the rainwater accumulation potential
as an alternative independent variable requiring
measurement [8].

Application of specifically designed rainwater har-
vesting systems tends to be beneficial used in conjunc-
tion with certain building typologies and consumption
patterns. Researchers have emphasized on the impor-
tance of integrating such systems with facility designs
according to their capability of drastically reducing
the municipal water consumption. Various different
uses of the harvested water need to be considered. In
the event that it is intended for human consumption,
then there is a need to treat the water. This can be
done through different natural or artificial filtration

systems [15,16]. A more commonly used option is the
“halfway house” of using the water for purposes other
than drinking. For example, watering gardens, flush-
ing toilets, etc. All these uses have a beneficial impact
since the water is obtained at minimal cost and with
little strain on the infrastructure from pumping the
rainwater throughout the system. However, appropri-
ate observation and maintenance is anticipated to be
applied in order to ensure the accomplishment of
aforementioned systems [9].

As the main feature of designing an appropriate
rainwater harvesting system and in order to capitalize
on rainwater storage, design, selection, and capacity of
the corresponding water storage tanks plays an impor-
tant role.

Respectively, it is essential to rigorously study the
regional amount of rainfall and the corresponding
area of the roof as two key elements regarding this
matter [10].

1.3. Rainwater harvesting—water storage tanks

Prior research has demonstrated that larger rain-
water tank sizes with higher storage capacity can max-
imize the water saving in multi-unit buildings.
Paradoxically, this more intensive land use could
potentially limit space for rainwater storage tanks in a
multi-unit building. Consequently, consideration
needs to be made of providing adequate rainwater
storage tank space during the building design stages.
Application of higher capacity storage tank is widely
regarded as the main criteria towards efficient
rainwater harvesting. But this is not the ultimate solu-
tion. Design creativity and innovative thinking also
needs to be woven into the design process. For

Table 1
The typical sub-systems of a rainwater harvesting set-up—source [14]

Sub-system Function Main parts and components Design criteria

Collection Collect and convey
rainwater

Catchment area, and
conveyance pipes (gutters and
downpipes)

Optimization of the quality and quantity of
raw rainwater yields

Treatment Improve rainwater
quality

Treatment equipment or
apparatus

Quality control to comply with guidelines for
non-potable and seldom potable water use

Storage Reserve rainwater for
future use

Storage tank Balance between rainwater yield and
consumption

Distribution Supply rainwater from
storage tank to end use
points

Distribution apparatus (e.g.
pipes, connections, pumps,
header tanks)

Required supply pressure and flow rate,
installation and operation costs, and energy
consumption

Town
water

Supplement rainwater
supply when

Rainwater back-up apparatus
(e.g. valves and controllers)

Ensure continuous reliable supply of water to

Back-up Rainwater cannot meet
demand

To enable switching to town
water supply

Consumption points when rainwater is not
available
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example, allocation of water storage tanks in building
foundations, utilization of the tanks as aesthetic land-
scape elements, and alternatively the use of a con-
nected sequence of small tanks as opposed to a single
oversized tank have also been solutions towards this
matter [17]. However, a larger tank imposes higher
costs of purchasing and installation. It is also
expressed that the main preventing factor for users to
implement these systems is the initial capital invest-
ment for setup and installations.

Global location is a key factor in determining the
proper configuration of an effective rainwater harvest-
ing system. Rainfall patterns vary by region, latitude,
and altitude of an urban area. Thus, rainwater harvest-
ing tank size configuration and measurements vary by
city and its regional characteristics. Users in different
locations of a certain city would require access to cus-
tomized rainwater harvesting tanks with alternative
sizes in order to maximize their return on investment.
Consequently, it is advisable for researchers to con-
sider multiple annual rainfall data patterns in multiple
regionally diverse rainfall stations to assist the end
users with selecting the optimum tank size [18].

In humid climates, tank sizes and capacities can be
minimized and rationalized to mainly focus on collec-
tion and storage of rainwater from rooftops. High lev-
els of water availability means that storing water in
oversized tanks for prolonged periods is redundant
[19]. Thus in high humidity conditions, there is an
expectation of using water resources in “rapid turn-
over” applications—for example, grey water toilet
flushing. According to the available versatile tech-
niques and methodological approaches to determine
rainwater harvesting configurations and tank sizes, it
has been established that simplified and intermediate
methods are inefficient while considering commercial
and industrial complexes. This is primarily as a result
of their irregular water stipulation, yield uncertainty,
and the predominantly complex systems needed,
which include large-sized and costly storage tanks [9].
Eventually, access to a widespread decision support
mechanism is required to facilitate optimal design of
collection technique and storage tank size in every
geographical location [20].

1.4. Rainwater harvesting systems—quality assessment and
critical factors

The quality of collected rainwater will not
necessarily be always up to the accepted potable
standards from any catchment without treatment. This
is inevitable as a result of the possibility of urban
environmental pollution, as well as other chemical
and microbiological contaminations. Various factors

impact on this probability, including such issues as
the geographical location, previous dry days, season
of the year, human/animal activities, temperature
inversions, as well as the adjacency of diverse poten-
tially pollutant sources affect the quality of rainwater
harvesting systems [21]. It is articulated that the
harvested rainwater quality also depends on
environmental conditions, such as the atmospheric
pollution and regional climatic conditions as well as
the roof materials and typologies [21]. Furthermore,
quality of the harvested rainwater is fundamentally
dependent on the impermeable substrate being used
to capture the rainfall. As a result, the importance of
analyzing the rainwater quality according to roof
material type is essential. Similarly, there is a critical
requirement to monitor microbial pathogens and
pesticides in the harvested rainwater according to
roof materials as well as considering the first-flush
effect [22].

Assessment of the harvested rainwater quality spe-
cifically for domestic consumption based on roof
water run-off collections is primarily vital due to the
potential existence of microbial pathogens, nutrient
pollution (total phosphorus and nitrate nitrogen),
heavy metal contamination (i.e. lead), and pesticides
[21,23–25].

1.5. Rainwater harvesting—rooftops

As mainly urban buildings are covered by roofs, the
potential of utilizing urban areas for rainwater harvest-
ing is very clear [10]. Rainwater harvesting from roofs
has been widely used as an easily workable mechanism
for harvesting rainwater, since their run-off is less pol-
luted that off other impermeable surfaces—such as tar-
mac roads, parking lots, etc. Furthermore, urban roofs
do not have temporary surface water subject to patho-
gen growth or have a propensity to the salinization
seen from underground water supplies [5,13].

Collected water from roofs of versatile buildings
has been utilized for both potable and non-potable
purposes. Generally, they are used for irrigation pur-
poses in order to be considered as an additional
source of water supply per se. In reality, it is possible
for rainwater harvesting systems to help decrease total
potable water consumption from centralized resources
[6] if the technology was widely implemented in
building design.

Although metal roofs are often recommended for
rainwater harvesting systems implementations, utiliza-
tion of alternatives such as cool roofs and concrete tile
roofs are also options. Typical green roofs are usually
not suggested for roof-based rainwater harvesting sys-
tems. This is due to the existence of dissolved organic
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carbon concentrations in green roof water run-offs
[13,22,26].

Appropriately constructed and maintained rooftop
rainwater catchments usually result in collection of
less-contaminated and potentially potable water.
Ideally, such roofs do not require further treatments
compared to conventional and insecure rooftops.
However, elevated possibility of contamination for
ground and surface rainwater catchments highlights
them as typically not suitable for human consumption
purposes unless appropriately treated [27].

2. Incorporating rainwater harvesting, sustainable
implementations, and green built environments

Recent research has focused on improving the sus-
tainability performance of green buildings [28]. In
order to make significant inroads into climate change,
it is necessary to improve a range of sustainability
practices. These will inevitably incorporate optimized
(i.e. sustainable), water consumption and management
practices. Furthermore, examining and assessing inno-
vative water conservations technologies according to
social, environmental, and economic features is high-
lighted [4].

Rainwater harvesting is an essential component in
achieving future sustainable urban development
through the provision of supplementary water
resources for growing urban populations. Not only
does rainwater harvesting optimize consumption and
management of water resources, but it also promotes
sustainable development with specific focus on the
context of the built environment [1].

In conjunction with residential infrastructures,
industrial and commercial buildings also contribute
towards the ecological footprint of the urban environ-
ment. Therefore, sustainable considerations focusing
on water resource management should be applied
throughout these infrastructures. Respectively, com-
mercial buildings are advised to apply decentralized
water supply management systems. However, without
appropriate observational studies to evaluate their cor-
responding performance, adaptability of the ultimate
sustainability objectives is not ensured [29]. Decentral-
ized rainwater harvesting technologies are considered
as sustainable, eco-friendly, and green water supplies
[7]. Correspondingly, use of decentralized rainwater
harvesting systems directly helps overcoming water
scarcity, promoting pollution reductions and achieving
economic success [30,7].

Despite the clear preference of the energy sector on
renewable resources over the fossil technologies
[28,31], the water supply sector appears to lack clear
preferences on delivery of sustainable water resources

over the conventional practices. Correspondingly,
despite the contribution of decentralized rainwater
harvesting systems towards sustainability, centralized
infrastructure is still widely given priority compared
to decentralized options.

3. Rainwater harvesting systems—green roofs and
run-off water

Rainwater harvesting depends on annual rainfall
patterns, water-retaining capacity, and run-off coeffi-
cient of roofs. An extensive green roof is capable of
retaining up to 55% of the yearly rainfall consequential
towards capacities to control the urban stormwater
run-off while diminishing urban flooding likelihood.
Urban and peri-urban stormwater run-off is regarded
as a substantial contributor to pollution of downstream
marine ecosystems, as well as waterway and damage
to marine habitat [32]. Accordingly, operationalizing
green roofs in urban areas is regarded as beneficial in
reducing the urban stormwater run-off, and promoting
sustainable and eco-friendly environments [33].

Optimization of green roofs is dependent on
humidity, water ingress into building envelope, rain-
fall intensity, concentration, and transpiration and
evaporation potentials and soil hydraulic properties.
Preceding research simulations have shown a high
degree of effectiveness for green roofs in dealing nor-
mal precipitation. Experiencing more substantial rain-
fall, green roofs are able to reduce the run-off flow
intensity while concurrently lengthening the water
run-off period—thus decreasing surge and preventing
urban flooding [34].

Green roofs assist in stabilizing the harvested rain-
water pH to almost neutral; however, they are seen to
increase the concentration of ions in the run-off water.
Numerous cases showed discharge of heavy metals,
such as Fe, Al, and Cu in green roof run-off water.
Furthermore, green roofs filter out nutrients from the
run-off water, such as nitrates and phosphates. There-
fore, despite the various positive influences of imple-
menting green roofs in urban environment [28,35,36],
their use is not ideal for integration with roof run-off-
based typical rainwater harvesting systems. Therefore,
it is recommended to establish research into develop-
ment guidelines for green roof design and implemen-
tation systems [23,32].

4. Rainwater harvesting systems and government
regulations and policies

Despite the positive potential for rainwater har-
vesting to augment sustainable urban development, it
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has often been considered a risk, rather than an
opportunity. However, modern societies have been
promoting application of rainwater harvesting systems
through providing incentives for individuals practic-
ing it [37]. Similarly, in spite of various research indi-
cating positive results regarding rainwater harvesting,
countries and jurisdictions are reluctant to mandate its
use into building codes and practice. In part, this is as
a lack of awareness about its effectiveness, but also
because the specifications needed for optimized per-
formance are not universally available [8].

Due to the imperfect knowledge of the life cycle
expenditure of the rainwater harvesting system, it is
difficult for many potential users to identify the possi-
ble benefits of these systems. Researchers have recom-
mended that governments compensate the willing
households to incentivize the use of these technolo-
gies, and thus promote sustainable water supply and
management systems [38]. Application of rainwater
harvesting as a decentralized water supply system
requires active engagement of individuals, hence limit-
ing the control of authorities over the central urban
water supply flow [7]. The relatively low price of
water supply in many countries is due to the respec-
tive government subsidies; thus, dynamic involvement
of citizens in rainwater harvesting practices can funda-
mentally help reduce government subsidies if appro-
priately utilized [11].

Table 2 indicates a systematic comparison between
conventional and sustainable water infrastructures
[39]. It highlights significant differences in the funda-
mental philosophies of conventional and sustainable
water infrastructures. It also gives an idea as to how
government policies and regulation may be used to
encourage sustainable development.

It has been established that long return periods to
repay initial capital investment in dwellings imple-
menting rainwater harvesting systems decreases the

feasibility of their broad adoption. This is the reality
of dealing with private householders. They may feel
good about how sustainably they are living—their
“green credentials”. However, unless there is a rapid
return on investment, there is no economic imperative
to make a change from “normal practice.” Such pri-
vate householders need to be incentivized to change
through governmental support in the form of grants
or subsidies (the so-called “carrot” approach). Alterna-
tively, private householders need to be driven to
adopt these technologies through a current (or pro-
posed future) change in legislation. This latter
approach can lead to older houses being non-compli-
ant with current codes and therefore less attractive for
sale. In the worst case, it can leave private household-
ers with substantial ex post facto liabilities for upgrade.
The feeling of “punishment” tied to such a govern-
mentally led regulation change means that it is some-
times referred to as the “legislative stick”. Most
governments that seek to introduce rainwater harvest-
ing for the reasons cited end up resorting to some sort
of hybrid carrot/stick policy to enforce change over a
prescribed period.

In contrast, the economics of larger projects such
as public buildings are substantially more feasible
according to a relatively shorter payback time in com-
parison with the building’s anticipated life cycle [6].
The success of rainwater harvesting as a policy is built
upon a combination of clear economics for public
buildings, allied to an encouragement/compulsion
strategy for non-governmental actors. This multi-stake-
holder approach increases levels of engagement with
the technologies as well as the probability of overall
success [37].

Straightforward installation and maintenance of
rainwater harvesting systems in urban areas is com-
pared to the costly and complex operation and
upholding of centralized municipal water supply

Table 2
Water infrastructures (conventional vs. sustainable)—source [39]

Convectional system Sustainable system

Water Limitless pure or contaminated Freshwater is scarce
Nature Dangerous resource sink for waste must be

controlled
Partner limits to material and energy use restored
and protected

Technology Universal standards big systems requires expert
knowledge

Context-specific variable scale expert knowledge
required

Governance Expert-led decision-making large utilities (public and
private)-independent regulation

Democratic public participation and engagement
adaptable to technology and scale

Capital Capital intensive Affordable and appropriate
Society Consumption is private infrastructure serves society Consumption is cultural infrastructure shapes

society
Space Centralized invisible outside urban form Multiple scales distributed visible
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resources. Application of decentralized systems
supports the end users to access a renewable water
supply. It also helps governments with reduced hassle
regarding centralized water supply implementation
[21]. Furthermore, rainwater harvesting reduces the
demand for municipal water resources and consump-
tion. It mitigates the harmful consequences of urban
stormwater run-off. Its application in accordance with
appropriate education, planning, and public aware-
ness is essential [19].

5. Summary and discussions

This research provided an overview on the existing
rainwater harvesting systems. Appropriate design and
configuration schemes of rainwater harvesting systems
highlight the importance of focusing on water storage
tank sizes according to regional circumstances, roof
surface measurements, rainwater stipulation, and the
household population. Furthermore, rooftops are
highlighted as the most promising candidate for
rainwater harvesting implementations specifically in
urban areas.

The resultant harvested roof-based rainwater qual-
ity is in accordance with rooftops typologies. This
research expresses the negative impact of typical green
roofs on quality of the collected rainwater. They filter
some critical nutrients and add light and heavy metals
and various other contaminating elements to the
harvested rainwater.

Eventually, governments are encouraged to pro-
mote rainwater harvesting systems in areas with high
success potential based on climatic conditions and
rainfall patterns. In less ideal conditions, the best
approach is to endorse these systems in public build-
ings and infrastructures, rather than more generally
across private residences, etc. Ultimately, governments
are advised to educate the target population of both
the immediate and long-term benefits of these systems
based on pay-back period compared to the environ-
mental sustainability potentials of decentralized water
supply and consumption resource.
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