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Abstract: Rainwater harvesting is a promising technique for more rational water use. However, its
sustainability merits remain a subject of ongoing debate among researchers. Life cycle assessment
(LCA), a method employed to measure the environmental impact of varying solutions, is helpful in
this regard. Accordingly, this paper delivers an integrative review based on the PRISMA protocol,
outlining challenges and potential avenues for the LCA application to rainwater harvesting. The cen-
tral findings indicate that while residential buildings are most commonly examined, more consensus
is needed on a uniform analytical framework. Furthermore, several benefits of rainwater are often
not considered in LCA and need further exploration to understand possible synergies for its broader
implementation. Finally, LCA integration with a life cycle cost assessment (LCCA) shows exciting
results as it may be a more straightforward showcase of the benefits of an integrated assessment. It is
concluded that specific details of the LCA of rainwater harvesting may still be simplistic. There is
much work to be done in holistic assessments to prove the system’s sustainability.

Keywords: rainwater; life cycle assessment; buildings; sustainability; simulation; integrative review

1. Introduction

The global hydrological system has undergone large-scale, unprecedented and poorly
understood changes, contributing to the instability of natural ecosystems and society [1]. It
is estimated that almost 80% of the world’s population has its future water security strongly
threatened by multiple factors, such as climate change, water pollution and population
growth [2]. For example, Gosling and Arnell [3] evaluated the impacts of climate change
on global water scarcity. They concluded that the number of individuals living in regions
susceptible to water scarcity will increase, possibly reaching 4.3 billion people by 2050.

According to Mekonnen and Hoekstra [4], about two-thirds of the world’s population
is located in regions where there is a possibility of severe water shortages in at least one
month of the year, equivalent to 4 billion people. The authors commented that many studies
do not consider the intra-annual variation of water demand and availability, obtaining
more optimistic results that are inconsistent with reality. The population increase and
consequent increase in water demand is a worldwide concern, with a growing incentive to
apply sustainability in water use and assess the water footprint of production systems.

Rainwater harvesting has been used for millennia in different regions of the world
to mitigate water availability problems [5,6] and, currently, practices are heterogeneously
distributed worldwide [7]. Rainwater harvesting involves collecting and storing rainwater
from roofs, terraces and other surfaces for on-site use. In general, rainwater is intended
for non-potable uses such as toilet flushing, washing clothes, garden irrigation, pavement
cleaning and vehicle washing [8]. If adopted on a large scale, such a system can be
considered a promising technique for the more rational use of water [9].

Musayev et al. [10] evaluated the ability of rainwater harvesting systems to improve
water security in different regions under climate change scenarios. According to the authors,
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climate change has little influence on the efficiency of residential rainwater harvesting sys-
tems, ranking them as an essential technique in addressing water scarcity. The importance
of this technique in facing water scarcity was also verified based on other methods used by
Ghisi [11].

Considering water scarcity and environmental impacts, several researchers have eval-
uated the use of decentralised rainwater harvesting methods and alternatives to centralised
ones to reduce the environmental impact of water utilities. Analysis through a life cycle
assessment (LCA) is fundamental for water management’s evolution towards sustainability
in cities. LCA is a methodology that assists in evaluating the potential environmental
impacts of systems and their alternatives, including defining more sustainable materials,
technologies, infrastructures and projects [12].

Tarantini and Ferri [13], for example, used the LCA methodology to evaluate rainwater
harvesting systems, rational use of water and greywater reuse in flats located in Italy. The
authors concluded that rainwater harvesting and greywater reuse installation costs were
not economically feasible. Still, installing the system could decrease the environmental
impacts of the flats’ water use. They also concluded that energy consumption in the use
phase for water pumping was the significant environmental impact assessed for the system
with rainwater, greywater and the conventional water supply system.

Ghimire et al. [14] compared a commercial rainwater harvesting system with a cen-
tralised (municipal) water supply system employing LCA. The authors evaluated 11 en-
vironmental impact indicators, considering the entire production cycle of the materials
and their use. In their study, rainwater harvesting systems outperformed the centralised
water supply system in 10 of the 11 environmental indicators. Despite presenting a wide
range of results, research on the environmental feasibility of rainwater harvesting systems
is essential to understand their impacts and benefits thoroughly.

Although this article may not satisfy the demand for state-of-the-art research for LCA
specialists, it fills a significant research gap. It serves as an introductory bridge for rainwater
harvesting (RWH) researchers to understand life cycle assessment (LCA) as a tool, a novelty
in the field.

Considering the importance of the subject, this study aims to disseminate the current
state of LCA studies on rainwater harvesting systems by conducting an integrative review
of the themes and discussing novel ideas about systems and methods. Furthermore, other
complex benefits from the systemic approach were addressed by analysing the effects
of adopting rainwater harvesting in urban areas. The integrative review question and
objective was to answer the question “How sustainable is rainwater harvesting?”.

2. Materials and Methods

The initial part of the study comprised an integrative literature review aiming to
explore the existing literature on rainwater harvesting and life cycle assessment (LCA).
The PRISMA protocol [15] was used to structure and ensure the future reproducibility of
our study. The following sections detail the criteria used in the integrative review and the
details sought in the selected documents.

2.1. Integrative Research Details

Adhering to the PRISMA protocol, the first step involves posing a question for the
integrative review. The selected question for this paper is “How sustainable is rainwater
harvesting?”. The primary objective was to establish a broad context within the literature
regarding the available LCA frameworks, specific details of the assessment and general
conclusions about the system’s sustainability.

In this context, the Scopus database was used with the following descriptors: (((“life
cycle assessment” OR “life cycle anal*” OR “life-cycle assessment” OR “life-cycle anal*” OR
“life cycle analysis” OR “life cycle assessment”) AND ((“rainwater” OR “rain-water” OR
“stormwater” OR “storm-water” OR “rainwater” OR “rainwater”) AND (“harvest*” OR
“catch” OR “capture”)))), generating a total of 109 documents as of 10 May 2023. Fourteen
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documents were included from other sources, given their relevance and compatibility. The
final screening encompassed a total of 123 documents.

Among the screened documents, 18 were excluded due to access limitations and 4
were excluded because they were review papers. A final set of 101 documents underwent
eligibility assessment, with 25 excluded for lack of relevance to the subject of this study.
Three of the authors double-checked this assessment to ensure comprehensive inclusion.
After meticulous evaluations, a final number of 76 documents was selected. Figure 1
presents the identification, selection, screening and inclusion process of the publications
listed for the literature review, as outlined in the PRISMA protocol.
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Figure 1. Flowchart of the integrative review protocol (PRISMA).

The eligibility criteria used in this study were designed to maintain a broad approach.
The primary exclusion criterion applied to papers not focusing on using harvested rain-
water, such as toilet flushing in buildings. A second exclusion criterion centred on the
LCA and LCCA focus. Studies not highlighting environmental or cost factors as primary
objectives were excluded. However, articles offering partial LCA or LCCA scopes were
included; thus, papers providing more superficial assessments, such as CO2 emission
estimates and cost-benefit analyses, were also considered.

Upon reviewing the selected articles, we conducted a bibliometric analysis, assessing
contributions from leading countries, authors with the most publications, keyword evolu-
tion and other details. This analysis was carried out using pyBibx [16], Bibliometrix [17]
and ScientoPy [18], all of which assist in analysing the bibliometric context’s metadata and
generating visual aids.

2.2. Technical and Environmental Details

Based on the articles selected, the authors found it beneficial to evaluate the techni-
cal and environmental parameters most frequently considered in academic studies. For
instance, understanding trends in modelled systems and analytical frameworks can help
identify potential trends or conceptual gaps that academia needs to address. While rain-
water harvesting is widely recognised as a critical alternative for the future city’s potable



Sustainability 2023, 15, 12133 4 of 21

and non-potable water supply, optimising these systems for environmental impact through
material selection and using less impactful alternatives is also of interest. Equally important
is optimising technical parameters for rainwater harvesting and its use for greater efficiency.

Consequently, the bibliometric analysis divided the results into two major groups. The
first group encompassed the LCA analysis of rainwater harvesting systems, highlighting
existing frameworks, methodologies and considerations. The second group compiled
information on the advantages of rainwater harvesting that are often overlooked in LCA
and pinpointed potential challenges and benefits yet to be explored. During the review of the
second group, three authors sought specifics on the rainwater harvesting systems. Details such
as building typology and type of harvesting surfaces were collected by thoroughly reviewing
the papers. Observations on LCCA and other types of assessments were also included.

2.3. Principles and General Considerations

Life cycle assessment (LCA) is a widely used methodology for the environmental
assessment of systems and products, focusing on comparison and improvement. The
technique aims to comprehend the potential environmental impacts of a system or product
throughout its life cycle. This understanding identifies possible improvements and pro-
vides crucial environmental performance indicators to better communicate information. As
such, the methodology assists decision-makers in exhibiting a company’s social and envi-
ronmental interest, ensuring alignment with values for a sustainable world, a requirement
increasingly demanded by society.

Many studies in the literature have deployed LCA concerning rainwater harvesting
and its implementation in buildings. Research into the life cycle context of these systems
began to be explored in the early 21st century, with a study by Tarantini and Ferri [13] being
one of the earliest works available. At the time, the authors evaluated an innovative system
of rainwater harvesting, rational water use and greywater reuse in flats located in Italy.
Their study concluded that the installation costs of rainwater harvesting and greywater
reuse systems did not present a financially viable return over their useful life. However,
they found that the system’s installation could decrease the environmental impacts of the
flats’ water usage. Tarantini and Ferri [13] also determined that energy consumption in the
water pumping for use phase was the most significant environmental impact for both the
innovative system with rainwater and greywater and the traditional system, indicating a
prime area for optimisation.

Thus, research employing LCA to evaluate rainwater harvesting is integral to understand-
ing the environmental viability of these systems, that is, to explore the sustainability of the
proposed systems and compare them to the conventional water supply system. Teston et al. [19]
conducted a comprehensive literature review on rainwater harvesting systems, identifying
LCA as a growing guiding element in the context of rainwater harvesting. However, their
work did not discuss the bibliometric context of the utilised methodologies. This paper,
therefore, aims to augment the existing literature by highlighting and discussing poten-
tial methodological gaps in LCA and incorporating new articles and discussions on the
applicability of rainwater harvesting systems for enhancing urban sustainability.

3. Results
3.1. Integrative Review Results—Bibliometric Analysis

Initially, the 76 selected documents were formatted into CSV and Bib formats to facilitate
use with the chosen tools. Metadata of the documents, such as country of origin, document
language, authors, citations, affiliations, keywords and year of publication, were systematically
organised for trend visualisation. Figure 2 illustrates the number of publications by country
and the evolution over the last five years of available data (2018–2022). The United States
had the highest production, followed by the United Kingdom, Brazil and Spain. In the last
five years, Brazil showed the most substantial growth in the percentage of publications,
while the United States led in the sheer quantity of publications, with nine documents. The
selected articles are listed in Table S1 in the Supplementary Data.
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The selected articles spanned from 2010 to 2022, featuring contributions from
223 authors. The year 2019 saw the peak annual production, with 12 published docu-
ments. The Journal of Cleaner Production had the highest number of papers on the topic, with
13 entries. The paper with the most citations was “Rainwater harvesting in Greater Sydney:
Water savings, reliability and economic benefits” by Rahman et al. [20]. Given its publi-
cation year and relevance to Australia, this article formed the foundation for numerous
subsequent water optimisation studies in various countries.

Regarding authors, Figure 3 presents the publication trend among the leading authors
in the field. The size of the circle corresponds to the number of published articles (larger
stands for more published articles) and the circle’s colour corresponds to the number of
citations the author had (darker stands for more citations). Apul and Gabarrell were the
most prolific, with eight papers each. Eight other authors followed closely with five or six
papers, demonstrating a variety of high-producing contributors on the subject. A marked
increase in production between 2018 and 2022 is also noteworthy, as depicted in Figure 2.

A word cloud analysis revealed additional contexts beyond those suggested by key-
word sequences. The first analysis highlighted the presence of cost-related terms, likely
about the life cycle cost assessment (LCCA) theme. The second analysis included terms
related to climate change or global warming. The presence of terms related to wastewater
indicates a focus and interest in using lower-quality water reuse systems. Figure 4 shows
the keyword cloud derived from the selected articles. Moreover, other decision-making
contexts, such as management, resources, treatment and conservation, emerged as facets of
a science-based approach to future water asset decisions.

3.2. LCA of Rainwater Harvesting Systems

The subsequent sections detail the findings from our analysis of the selected articles.
For ease of comprehension, we divided the information into sections. Initially, we explored
the fundamental principles of life cycle assessment and their application to rainwater.
Subsequently, we addressed the methodological principles concerning LCA and specific
rainwater harvesting projects.

3.2.1. LCA, Database and Programmes

Concerning LCA characteristics, no consensus exists regarding the preferred pro-
gramme, method for the life cycle impact assessment (LCIA) or database, thus requiring
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the researcher to determine which best suits the study’s objectives. The programme most
used among the researchers was Simapro, with 22 studies, followed by Gabi with 13 and
OpenLCA with 5. Other studies indicated alternative programmes with specific applica-
tions or performed calculations using spreadsheets or simplified methodologies. However,
it is worth noting that the programme choice does not alter the results since the calculation
methodology for LCA is standardised [21] and stems from a similar conceptual framework.
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On the other hand, the database and LCA method can significantly impact the results
and, therefore, require careful consideration. In terms of databases, the Ecoinvent database
is widely used, justified by its comprehensive range of materials available for modelling.
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However, it is known that Ecoinvent is more specific for European processes, necessitating
data quality evaluations to prevent potential inaccuracies from skewing the analysis. Other
data sources referenced in the assessed research include previous works, the Gabi program
database and Chinese databases.

The LCIA method is responsible for providing the coefficients for classification and
characterisation and the impact indicators. Dong et al. [22] studied correlation matrices
for building materials across several widely used LCA methods in research. The authors
highlighted the variances between the methods, pointing out that there are both comparable
indicators and those lacking in comparability. In a case study comparison of LCIA methods
by Koch et al. [23], they proposed using multiple assessment methods whenever feasible,
given the specific programmes’ ability to facilitate this approach.

Our review showed that the ReCiPe method was the most widely used in its 2008
and 2016 versions, followed by the CML2001, TRACI 2.1 and IMPACT 2002+ methods.
ReCiPe offers a global approach, contrasting with the primarily European usage of CML
and IMPACT and TRACI’s North American region application [22]. This broader approach
justifies ReCiPe’s more prevalent use as it caters to countries outside the European or North
American regions and appeals to researchers interested in global impact indicator analyses.
Indeed, each method has unique considerations and objectives, thus requiring researchers
to select the one that best aligns with their goals judiciously.

The disparate methodological characteristics challenge researchers in clearly compar-
ing results when attempting to compose the state-of-the-art. For instance, as detailed in
Section 3.2.4, the life cycle stages considered can entirely alter the LCA results. Furthermore,
specific methodological parameters evaluated in this section (such as LCIA and database) can
directly influence the results. Therefore, multiple LCIA methods should be used to ensure a
reliable analysis. Also, a quality matrix of the flows should be employed, thereby reducing
uncertainties and expanding the potential comparability of the study with other analyses.

3.2.2. Building Typology and Catchment Surface

In residential rainwater harvesting systems, rooftops are typically utilised to collect
rainwater for on-site use [7]. However, other surface types, such as permeable and non-
permeable pavements, could also serve this purpose [24]. The type of material used and
the effective catchment surface area significantly impact the harvested rainwater’s quality
and quantity.

The role of LCA in rainwater harvesting systems is pivotal for progressing towards
sustainable water management in cities. A survey of relevant articles reveals that a signifi-
cant majority (81%) use rooftops as a rainwater catchment surface, as seen in the studies
by Rashid et al. [25], Angrill et al. [26], Devkota et al. [27], Gómez-Monsalve et al. [28] and
Marinoski et al. [29]. Studies using the permeable pavement as a catchment surface add up
to 6.3%, such as the studies by Martins Vaz et al. [30], Antunes et al. [31], Antunes et al. [32]
and Wang et al. [33]. The remaining articles (12.7%) used other locations, such as ditches
and detention basins, or did not report the location of the rainwater catchment.

Another issue verified in the articles listed for the study was the building typology.
More than half of the articles focused on the residential typology (53.8%), such as the studies
by Abas and Mahlia [34], Zanni et al. [35], Vialle et al. [36], Rashid et al. [37] and Jeong
et al. [38]. Some articles encompassed different typologies in the same study (18.5%), and
others considered the urban scale (10.8%), involving different typologies. Some authors
have conducted studies in other typologies, such as commercial [14,39,40], which added
up to 9.2% of the articles, and public, with 3.1% [30,31]. Studies were also observed in
universities [27,41,42], representing 4.6%. Figure 5 summarises the types of buildings found
in the selected studies.

From this exploration, it is apparent that rainwater harvesting is becoming increasingly
prevalent in residential settings. In contrast, its exploration in other typologies, such as pub-
lic, commercial and industrial, is less common, revealing research gaps. This observation
becomes even more relevant, considering numerous studies suggest that the most signifi-
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cant potential for potable water savings lies within public and university buildings [43] as
these settings usually have a higher proportion of non-potable water uses. Nevertheless, it
is crucial to note that this point heavily depends on the scope of treatment and end use, a
discussion addressed in Section 3.2.5.
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3.2.3. Life Cycle Stages Considered

Following ISO 14040 [21], four main steps are performed during LCA: definition of
research objective and scope, inventory analysis, environmental impact assessment, and
interpretation of results. Still, iterativity is fundamental in LCA, and it is necessary to revisit
the previous steps at each advancement to confirm the data, definitions and project objective.

In this context, the following terms arise: “cradle”, related to the stage of extraction of
materials for manufacturing the system; “grave”, the final disposal of the waste generated;
and “gate”, after manufacturing and ready to be transported to the customer [44]. The
definition of the boundary can then contemplate from cradle to grave, with all phases of a
system, or from cradle to gate, neglecting the use and disposal phase, or variations thereof,
given the purpose of the analysis. However, it is noted that ISO 14040 [21] indicates the
need to address processes from all phases of the life cycle of the system or product, and
the use or disposal phase should not be neglected since it can generate relevant potential
environmental impacts.

In the LCA analyses, most articles used the cradle-to-grave concept when considering
the life cycle stages. These considered the production of materials and system components,
including raw material extraction and processing; transportation and construction of the
system; operation and replacement of components over the system’s lifetime; energy con-
sumption for system operation; and final disposal of components at the end of life. Briefly,
these articles encompassed materials, construction, transportation, use and deconstruction, such
as the studies by Angrill et al. [45], Arden et al. [46], Bhakar et al. [42], Vialle et al. [36] and Bor-
rion et al. [47]. Angrill et al. [26] performed LCAs of different urban planning approaches,
diffuse and compact, for different rainwater harvesting systems. All the evaluated systems
considered rainwater harvesting via buildings roofs, differing in the type and location
of the cistern for storage. The authors considered the phases of materials, transporta-
tion, construction, use and deconstruction, without using the disposal or recycling phases.
They also considered the structural requirement placed on the building structure for each
type of cistern location. Structural reinforcement was added to the system’s inventory to
understand the impacts of location.

The results show that the tank’s location on the roof of the building was the most
optimal position, with the consequent uniform structural distribution in the building. This
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result was independent of concentrated or diffuse urban planning but with different trends
for both models. Lower environmental impacts were observed for compact planning, with
the water distribution system being the main contributor. For the diffuse planning, it was
observed that impacts related to the cistern were the main contributors. They, therefore,
concluded that planning for rainwater harvesting systems should be incorporated as early
as the urban planning phase to optimise outcomes and decrease greenhouse gas emissions
and other environmental impacts. As a disclaimer, one should note that each design
has a different optimal tank size, and the possibility of locating it on the roof must be
appropriately assessed.

Vialle et al. [36] performed an LCA of a rainwater harvesting system for houses in
France. As a main result, they found that the system supplied only by potable water and
the system supplied partially by rainwater generated similar environmental impacts when
all life cycle phases were considered. However, they mention that the rainwater harvesting
system may reduce the stress on water resources by requiring less harvesting, which is
interesting in the context of water scarcity. Another interesting point is the possibility of
considering a rainwater disinfection system, an element addressed in one of the scenarios
analysed by the authors. All considerations were listed as local-dependent and technology-
dependent, which made them also comment on the specific approach of the LCA performed,
with several considerations specific to the system analysed. Finally, design features could
be optimised to decrease environmental impacts and favour decentralised technologies.

Notably, there needs to be a standardised analysis trend, as each author observed and
specified the level of detail based on their preference. Hence, it is beneficial to highlight the
essential elements at the intersection of the evaluated studies. Figure 6 outlines a continuum
of main processes evaluated among the authors and indicated in comprehensive analyses.
Additionally, new indications of benefits may be incorporated depending on the scope and
purpose of the evaluation. For instance, the following sections discuss the often-overlooked
benefits of LCA in rainwater harvesting, which can be incorporated into the foundational
framework depicted in Figure 6.
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3.2.4. Rainwater Harvesting as an Alternative for Decentralisation

Several researchers have evaluated the use of decentralised catchment methods and
alternatives to centralised catchment to reduce the environmental impact of water utilities.
The alternatives are broader than strategies involving only water. Still, they can be indirectly
applied to modernising facilities, using photovoltaic energy in treatment plants and other
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technological approaches. Lam and Hoek [48], for example, evaluated possible strategies
to be used by the Amsterdam water utility in the Netherlands for greenhouse gas emission
abatement. As a main conclusion, the authors commented that several alternatives become
economically interesting for water utilities, many of them being opportunities for broad
strategies that do not directly involve the utility’s actions. Thus, as a society, it is interesting
to observe the possible synergies and partnerships between the different sectors of society
to enhance and amplify the use of more sustainable strategies.

A notable aspect is the interplay between cleaner energy and water. The water–energy
nexus poses a significant consideration for comprehensive assessments in various countries
as interconnections between water and energy resources may differ considerably. For
instance, there are plenty of water sources in Brazil, but decentralised solutions have
become attractive because of the country’s dimensions and the difficulties and costs of
distributing this water. Also, in locations with a higher rate of energy-intense treatments,
it is necessary to address the energy source, such as photovoltaics, hydroelectric power
or wind energy. If there is a heavy reliance on fossil fuels, an additional layer of scenario
planning must be incorporated into the LCA.

Nazer et al. [49] evaluated the environmental, social and economic impacts of adopt-
ing different types of strategies for water management in households in Palestine. The
authors aimed to evaluate the applicability and economic and environmental variables of
installing different types of technologies. Rainwater harvesting, faucet aerators, low-flow
showerheads, dual-flush toilets, dry toilets, actions to prevent pipe leaks and greywater
reuse were evaluated. As main conclusions, the authors obtained that adopting different
methods could reduce water demand by up to 50%. The environmental impacts could
be reduced by up to 38% if rainwater harvesting systems were considered. The other
alternatives also resulted in reduced environmental impacts, with economic feasibility
found for using faucet aerators, low-flow showerheads and dual flushes. The authors also
concluded that residents of the evaluated region in Palestine had great social acceptance
and willingness for the rational use of water and conservation of water resources. They
mentioned that education on the subject is fundamental for advancing water sustainability.

Upon analysis of the articles, it becomes evident that rainwater harvesting can serve
as a viable option for decentralising water supply systems and an effective alternative
for conserving water resources. This is particularly relevant to other alternatives, such
as installing water-saving devices. The findings emphasise the pivotal role of innovative,
sustainable strategies in addressing water management challenges and shaping a more
sustainable future.

3.2.5. Water Quality and Use

The quality of rainwater harvested from rooftops can be affected by the type of roof
used and the quality of the raw rainwater [50]. In urban areas, rainwater pollution usually
originates from air pollutants from industrial activities or the burning of fossil fuels [51].
In rural areas, this type of pollution can be related to the use of pesticides [52]. The
accumulation of dust and faecal deposits from birds and rodents on roofs can also affect
the quality of rainwater [53].

Regarding the quality of treated water, most works considered non-potable uses with
simple treatments for basic improvement, with a few works performing tertiary treatments
to obtain potable water. For example, Yan et al. [54] evaluated a point-of-use rainwater
treatment as an alternative drinking water supply measure. The authors indicated that
the system could not provide lower environmental impacts, with higher impact results
than those obtained using a conventional supply. However, they indicated that the system
may benefit in locations with smaller environmental footprints in energy supply as energy
consumption was highly impacted in the alternative system.

Most of the papers evaluated used a system for non-potable purposes as, in these
systems, there are fewer treatment processes, higher financial returns in the short term
and more accessible applications. Therefore, two different approaches can be taken that



Sustainability 2023, 15, 12133 11 of 21

completely change the scope of the LCA. In non-potable systems, the aim is to save drinking
water, while in potable systems, the aim is to obtain new water supply sources.

An additional point of interest is the relatively straightforward process of water quality
improvement. For instance, in systems with permeable pavements, filtration through the
pavement enhances the quality of water available for non-potable use or disposal to
local drainage systems. Some recent LCA studies on permeable pavements [55,56] aimed
to assess the impact of quality improvement within the analysis boundaries. Such an
interpretation can also be integrated into rainwater harvesting systems when a quality
improvement process, like filtration, is included. Thus, this underlines the importance of
assessing and understanding the varied facets of rainwater harvesting, including treatment
options and their corresponding impact, as we strive towards more sustainable water
management solutions.

3.3. Benefits Overlooked in LCA and Challenges of Rainwater Harvesting

This section discusses the benefits of rainwater use that can be more thoroughly evaluated
in future LCA research. The aim is to include epistemological contexts that support a complex
and complete analysis similar to LCA. Consequently, forthcoming LCA frameworks for
rainwater harvesting might incorporate some, if not all, of the mentioned benefits and items.
It is acknowledged that applying LCA is intricate, necessitating methodological boundaries.
Yet, it offers a sweeping perspective that serves as a macro overview of potential trends and
conceptual inconsistencies in the comparison of rainwater harvesting systems.

3.3.1. Impacts at the Urban Scale

In general, rainwater harvesting systems share the common goal of reducing the
potable water demand from centralised distribution facilities. Ghisi et al. [57] compared
water demand and availability in 195 cities in the southeastern region of Brazil and in-
vestigated the potential savings of potable water when rainwater is used for non-potable
purposes in the residential sector. They found an average potential of 41% of savings of
potable water per year, emphasising the importance of this type of solution to mitigate
problems of water availability.

Ghisi et al. [58] described the scenario of rainfall availability and water consumption in
62 municipalities in Santa Catarina, southern Brazil. They found that the average potential
for drinking water savings for these cities is 69%, which would allow, if necessary, the
consumption of rainwater even for a portion of potable uses. According to the authors, this
significant savings potential could only be achieved in practice if there were some kind of
government incentive to implement rainwater harvesting systems.

From an LCA perspective, few studies incorporate the municipal scale, notable exceptions
being the works of Tavakol-Davani et al. [59] and Valdez et al. [60]. Tavakol-Davani et al. [59]
compared the implementation of rainwater harvesting and greywater reuse systems for long-
term sewer overflow control at the municipal scale in Toledo, Ohio. They considered using
harvested rainwater for toilet flushing in buildings and concluded that rainwater harvesting
could make overflow control more sustainable in the long run, improving life-cycle cost
benefits by 48%. Valdez et al. [60] compared the greenhouse gas emissions and energy
consumption of buildings supplied by utility and rainwater harvesting in Mexico City.
Life cycle analysis methodology was used to evaluate the operation and construction of
the system. The results showed that rainwater harvesting could reduce greenhouse gas
emissions and mitigate flood risk. Both Tavakol-Davani and Valdez et al. [59,60] present
municipal-scale results. It is worth noting that Valdez et al. [60] also analysed the potential
for flood reduction, which researchers often overlook.

Despite their multiple benefits, it is notable that rainwater harvesting systems still
need to gain the recognition necessary for their more comprehensive application. The
public administration plays an essential role in the widespread application of rainwater
harvesting systems by implementing regulatory and incentive policies.
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Brown et al. [61] pointed out, from the perspective of the Australian experience, that
practical structural changes, such as the extensive implementation of rainwater harvesting
systems, only occur if they are supported at the institutional and socio-political levels.
In this direction, several cities around the world are gradually adopting incentives and
regulations for the application of rainwater harvesting systems on a larger scale, such
as Barcelona, Spain [62]; Berlin, Germany [63]; Melbourne, Australia [64] and Tucson,
USA [65].

Gonela et al. [66] evaluated different scenarios of fiscal incentives for decentralising
the water supply in a rural city in Texas, USA. Three incentive schemes were proposed and
investigated: no subsidy, constant rate and progressive subsidy rate, depending on the
system’s storage capacity. In this case, it was suggested that the source of resources for these
incentives be the savings generated for the government from the decentralisation of water
distribution. The authors pointed out that the incentive scheme with a progressive rate proved
to be more efficient in improving the performance of water use systems at the municipal scale,
besides promoting greater adherence to this type of solution. The incentive scheme with a
fixed rate was the one that most promoted savings for the public administration.

Given the above, for the impacts of rainwater harvesting to be felt on a large scale, a
widespread installation of the system should be conducted. It is also essential to have the
support and incentive of local public policies, either through legislation, tax subsidies or
financial support for installing the system. LCA can benefit from this large-scale method
by providing other benefits such as city-scale water pumping energy, maintenance of water
supply systems and acceptability, among others. There is still a necessity to assess such
changes within LCA boundaries.

As for specific cost assessments, several studies have analysed the incentives for
rainwater worldwide [67–70]. However, the countries have many differences and specific
details for each incentive. Thus, they must be separate from worldwide conclusions since
each location has specific details to assess. This represents a difficulty in obtaining a global
LCCA framework since some specific considerations must be performed. Nevertheless, the
studies presented in this section provide an overview which can identify potential elements
for consideration in some regions of the globe.

3.3.2. Impacts on Reducing the Utility’s Demand

During much of world history, centralised water management was present in urban
centres to meet hygienic standards and ensure the water safety of cities. However, with
the advance of climate change and the need to save water and ensure water resilience,
rainwater harvesting has returned to assist water supply.

One of the benefits that can be attributed to rainwater harvesting in urban areas is
the reduction of operational costs associated with centralised water supply operations.
Cureau and Ghisi [71] evaluated the potential for electricity savings from different water-saving
scenarios for Joinville, Santa Catarina. When considering using rainwater in the city’s buildings
for non-potable uses, the utility could stop consumption between 1000 and 7500 MWh annually.
Additional savings could also be achieved by reducing the need to expand supply systems.

Melville-Shreeve et al. [72] demonstrated through a multi-criteria analysis that the
reduction in potable water consumption provided by rainwater harvesting systems con-
tributes to a decrease in energy consumption associated with the abstraction, pumping and
treatment of water in centralised water supply facilities. Vieira et al. [73] compared the
water–energy ratio of rainwater harvesting systems with that of conventional water supply
systems. According to the authors, rainwater harvesting systems tend to use more energy per
unit of produced water than conventional systems. However, the research shows that rainwa-
ter utilisation systems have an energy consumption equivalent to that of centralised systems
when adequately sized, especially when using systems with indirect rainwater distribution.

Therefore, as observed in the selected articles, rainwater harvesting systems can reduce
the demand for drinking water and energy by utilities, reducing the environmental impact
caused by the extraction, treatment and pumping of centralised urban water supply systems.
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Such considerations, aligned with the urban scale, may be incorporated in LCA studies to
provide a broader view of the impacts of a significant utilisation of rainwater harvesting.

3.3.3. Impacts of Reducing the Use of Potable Water

Most articles considered using rainwater for non-potable purposes to save potable
water and conserve this resource as the possibility of water scarcity is one of today’s most
critical environmental issues. Untreated rainwater is unsuitable for human consumption
but can be used for various purposes, such as power generation, equipment cooling, vehicle
washing, fire breaks and irrigation. Therefore, rainwater harvesting allows more water to
remain available for other purposes, ensuring its rational use.

Custódio and Ghisi [74] evaluated the potential for saving drinking water through
rainwater harvesting in Joinville, southern Brazil. Physical and demographic characteristics
of the houses were obtained from the city hall, allowing the simulation of 33,720 scenarios.
The average potential for drinking water savings was 40.8% when used for flushing toilets
and washing clothes.

Leong et al. [75] evaluated the potential for saving water from the central supply in
Selangor, Malaysia, through rainwater harvesting systems. The rainfall availability of the
locality studied could provide up to 91.8% of the water volume required for non-potable
water uses in households. Belmeziti et al. [76] also evaluated the potential for drinking
water savings through rainwater harvesting for Colombes in the Paris region. The potential
obtained was 10% at the urban scale, with residential buildings representing 64% of this
figure. This study considered the generalised application of rainwater harvesting systems
throughout the city and the existing buildings’ particularities.

Li et al. [77] analysed the water demand profile in Irish households, finding that
non-potable uses represent between 30% and 90% of total water consumption. Rainwater
harvesting systems could supply these uses. However, the authors pointed out that the
cost involved in implementing such a technique may discourage users from adopting it.

On the other hand, a wide climatic diversity can be observed in Turkey, ranging from
temperate and humid climates to hot and arid situations. In these two climates, Şahin and
Manioğlu [78] evaluated the amount of rainwater collected and the potential for drinking
water savings from using rainwater. In a more humid climate, an average savings potential
of 15.5% was observed; in a drier climate, the average potential was 6.0%.

As an overall conclusion of the studies assessed, non-potable uses range highly as
typologies have many differences. Even within one specific sector, there is a wide range of
end-uses depending on the characteristics of the building, such as the presence of gardens,
number of users, size of the building and economic standards, among other parameters.
For each typology, a thorough comprehension must be acquired by, for example, further
assessing a specific review. The papers of Marinoski et al. [79] and Mazzoni et al. [80] are
examples of assessments on the topic.

Most of the articles aimed to verify the potential for saving drinking water, considering
using rainwater for non-potable purposes. This is one of the most appropriate uses of
rainwater since water treatment is straightforward. On the other hand, rainwater harvesting
may be considered for potable purposes in places with water scarcity, requiring more
advanced treatments to make the water suitable for drinking, as reported by Yan et al. [54].
In their study, Yan et al. [54] considered using rainwater harvesting for potable purposes to
supplement the centralised supply of potable water and help alleviate water security issues.

The consideration of potable water treatment may be an overlooked item highlighted
by the studies assessed. As these studies considered potable water savings as one benefit,
they addressed potable water as a flow in LCA. This flow may vary widely per place and
potable water supply plant. Thus, there is significant uncertainty about this benefit, and the
characterisation of the comparison may be conducted using a broader approach in further
studies. Potable water treatment in case of storm events and climatic stress may increase
the environmental burdens per cubic meter of potable water. All these discussions arise
and may be further studied using LCA.
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3.3.4. Synergy with Urban Sustainable Drainage Systems

Rainwater harvesting systems offer various additional benefits. These include reduced
energy consumption linked to the treatment and distribution of drinking water, reduced
greenhouse gas emissions, decentralisation of water supply and mitigation of flood flows
in heavy rainfall events [7]. But, in most cases, these systems are designed in isolation
rather than incorporated as part of a broader urban drainage strategy [81].

One of the features of rainwater harvesting that interests urban designers and man-
agers includes the possibility of a synergy of rainwater harvesting with drainage systems
and local pollution treatment. Deitch and Feirer [82] examined the hydrological effects of
rainwater retention in the Perdido River basin, Florida, USA, which is frequently affected
by flooding. Two distinct scenarios were evaluated. In the first scenario, runoff reduction
reached 10% in only a few areas of the studied region. In the second scenario, rainwater
storage allowed a reduction of over 20% of runoff in most sectors of the study area.

Sustainable urban drainage systems (SuDS) are effective for urban flood mitigation.
According to Campisano et al. [7], rainwater harvesting systems can be considered part of
this broad classification. If applied extensively, these systems can reduce urbanisation’s
impacts on drainage systems and mitigate flood risks, especially in small or medium
precipitation events [83,84].

In this context, the LCA of rainwater harvesting may use SuDS as a possible consider-
ation for augmenting the benefits. This extends the boundaries by optimising the urban
context, as stated in Section 3.3.1. Also, it may augment other areas not considered by LCA
studies, such as amenities, safety and other benefits. If possible, synergies should always
be targeted, and the context applies to rainwater harvesting and other SuDS.

3.3.5. Reducing Runoff and Drainage

In densely urbanised areas, the extensive implementation of rainwater harvesting
systems can significantly reduce the volume and peak flows of urban runoff [85–87]. The
attenuation of urban runoff helps to increase the life of drainage systems and contributes to
reducing urban flood risks [67].

Campisano et al. [88] evaluated rainwater harvesting systems as a source runoff control
measure at the household scale. The study carried out in the Italian region of Sicily showed
that a significant reduction in peak flows (30–65% in at least 50% of the events) can be
achieved through rainwater harvesting, depending on the volume of the reservoir used
and the water demand patterns in the building considered.

Steffen et al. [89] also evaluated the performance of rainwater harvesting systems to
reduce peak flows, this time in the North American context. The system’s performance in
this aspect was related to the size of the reservoir. According to the authors, the reduction in
peak flows can reach up to 20% in semi-arid regions, with lower performances in locations
with higher precipitation volumes. The research results indicate that the use of rainwater
in buildings can be considered an effective measure to control urban runoff, as well as an
alternative water source.

Custódio and Ghisi [90] evaluated the influence of rainwater use on residential runoff
in the Cachoeira River basin in Joinville, southern Brazil. Two scenarios were analysed. In
the first scenario, rainwater use was not considered, and in the second scenario, rainwater use
was considered in all houses and buildings. The potential reduction in surface runoff varied
from 2.7% to 14.3% in the sub-basins studied, with the most significant reduction occurring in
the sub-basin where there were more single-family buildings than multi-storey ones.

Therefore, it can be observed that rainwater harvesting systems when used on an
urban scale, i.e., when installed on a large scale, can reduce surface runoff, according to
some studies presented. This reduction in runoff reduces the pressure on existing drainage
facilities, reducing urban flooding. This is one of the advantages that should be addressed
in studies. This benefit was only sometimes pointed out in the studies assessed when
studying the feasibility or environmental burdens of implementing a rainwater harvesting
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system. In addition to the benefits presented above, new methods have recently been
applied to identify more subjective gains promoted by rainwater harvesting systems.

3.4. Economic Feasibility of Rainwater Harvesting Systems

The economic viability of rainwater harvesting systems is crucial for the broader dis-
semination of such systems. The costs of rainwater harvesting systems can be characterised
by high initial investment followed by low maintenance costs over their lifetime [91]. The
high market value of this type of solution is still a limiting factor for its implementation in
many cases, making it advisable to provide incentives from public authorities to encourage
the population to adopt it [9].

In rainwater harvesting systems, installation costs may vary widely, mainly depending
on the volume of the main reservoir used. The variables that influence this cost are the
catchment area, availability of rainfall in the region and water demand.

Liang and Van Dijk [92] verified the economic and financial viability of rainwater
harvesting for irrigation in rural areas of Beijing, China. Six hundred rainwater harvesting
systems built since 2006 were analysed, employing a cost-benefit analysis. The results show
that this type of system is economically feasible and brings tangible social benefits from the
point of view of public administration but is highly dependent on the amount charged for
water from the centralised supply.

Jing et al. [93] analysed the efficiency and economic feasibility of rainwater harvesting
systems for non-potable uses in eight cities of four climate zones in China. Multi-storey
buildings with 100 inhabitants and a catchment area corresponding to 1000 m2 were
considered in the research as this is the most common typology in these cities. Three
scenarios of rainwater use were considered. The results indicate higher reliability indices
and potential drinking water savings for systems with higher storage capacities and lower
demand located in more humid regions. The economic viability of rainwater harvesting
systems was achieved in humid and semi-humid regions for correctly sized systems.
However, the cost-benefit ratio obtained in arid regions did not indicate feasibility.

Li et al. [77] found that, in Ireland, the cost of rainwater harvesting systems is relatively
high. In this country, the return on investment times varied between seven and twenty
years for tank capacities between 1500 and 10,000 L, considering the tariff policy practised
at the time of the study by the local utility. For example, Istchuk and Ghisi [94] studied
which variables correlated to the feasibility of domestic rainwater harvesting systems in
Brazil. The authors found that tank capacities were the second most crucial design variable,
in which the number of inhabitants and rainwater consumption came first. This matches
the study of Li et al. [77], where the tank capacity was an important variable in the overall
feasibility of the systems. Istchuk and Ghisi [94] also assessed the importance of rainfall
distribution in the feasibility indicators; the authors found that places with low seasonality
indexes have a higher probability of obtaining feasibility.

These advantages become significant only after the comprehensive application of
rainwater harvesting systems on an urban scale [81,85]. To achieve this, their implementa-
tion must be economically feasible for the user. Residential rainwater harvesting systems
are known to have high installation costs and long payback times [19,91]. This reality
discourages potential investors from using rainwater. Therefore, the role of local govern-
ments is essential and, considering the full benefits of these systems, they should provide
incentives or subsidies for their application [9], as has been occurring in several parts of the
world [95]. Economic gains from the decentralisation of water distribution in cities can be
significant [71] and could be one of the sources of capital to encourage this practice.

3.5. Integration between LCA and LCCA

Leong et al. [40] conducted an LCA and life cycle cost analysis (LCCA) of different
types of water supply for commercial and residential buildings in Malaysia. Different
scenarios involving conventional water supply, the use of rainwater harvesting, greywater
reuse and a hybrid system with rainwater and greywater were analysed. Other works
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have also been evaluated with more focus on the LCCA of rainwater harvesting systems to
understand the system’s applicability.

Within this context, one can see the interest in obtaining comparability for the analyses
since trade-offs exist between economic and environmental evaluation. That said, within
the articles evaluated, 34 articles compared both analyses (LCA and LCCA), with a large
part performed separately. That is, there is the analysis on one spectrum, LCA, determining
impact profiles, and on the other, LCCA, determining the cost in the life cycle, but without
obtaining a balance of both results in favour of a joint analysis.

Ghimire and Johnson [96] conducted a multicriteria analysis of green infrastructure,
which included rainwater harvesting. The authors considered economic parameters such
as the investment’s cost and return period and environmental parameters as integration
factors in the analysis. The mathematical technique used by the authors was data envelop-
ment analysis, which performs weighting averages with parameters for the economic and
environmental characteristics.

Another mathematical possibility for weighting the results is using the analytical
hierarchic process (AHP). Godskesen et al. [97] conducted a study evaluating techniques
for increasing the water supply in Copenhagen. In this work, the authors indicated specific
evaluations for LCA and LCCA and the use of AHP to compare the results and evaluate the
techniques to be indicated for decision-makers. When the highest weights were indicated
for sustainability measures, rainwater harvesting was the system that obtained the best
performance and consequent indication. When the weights were preferred to the economic
and social parameters, groundwater extraction was the best technique for the city. This is
an example of applying the AHP mathematical technique, with the respective discussions
of weights and parameters to be considered.

Several other mathematical and statistical models can and should be evaluated as
measures to compare the mentioned indexes: economic, environmental and social. How-
ever, besides the mathematical model used, it is recommended to use a panel of experts in
each area and discuss uncertainties and analysis trends. For any comparison of objects of
distinct natures, such as the triple bottom line example, a value judgment is made that must
always be scientifically supported through the description and detailed considerations.
These examples are of worldwide interest since they help decision-makers with more direct
answers by incorporating multi-criteria analyses into single indicators that facilitate better
visualisation and communication with society.

4. Conclusions

This research aimed to elucidate the current state of rainwater harvesting systems,
specifically through the application of life cycle assessment (LCA). Employing the PRISMA
protocol, we conducted an integrative literature review that, after applying specific in-
clusion and exclusion criteria, yielded 76 documents for comprehensive evaluation. A
bibliometric analysis underscored key publication trends, revealing the geographical dis-
tribution of research activity, the progress made over the last five years and the principal
authors contributing to the field.

While the literature showed a surge in research focused primarily on residential typolo-
gies, our study revealed an underrepresentation of other building typologies, indicating a
clear opportunity for future investigation. Furthermore, the LCIA methods and assessment
types used in LCA studies often introduced bias or oversimplification. This resulted in
excluding substantial benefits or overlooking local conditions, suggesting that researchers
should strive for a more comprehensive and contextual approach.

Our study revealed the importance of broadening the scope of the assessment to
include more life cycle phases and multiple LCIA methods. The quality improvement of
harvested rainwater, reduced energy consumption by utilities and diminished need for
maintenance of water supply systems emerged as underemphasised benefits of rainwater
harvesting systems. Moreover, the potential of rainwater harvesting systems to attenuate
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urban runoff, thereby extending the lifespan of drainage systems and mitigating urban
flooding, needed to be more adequately represented in current LCA studies.

Concerning the economic feasibility of rainwater harvesting systems, it became evident
that more comprehensive mathematical and statistical models should be used within
life cycle cost assessment (LCCA) for a balanced evaluation of economic, environmental
and social aspects. The studies analysed in our review offered detailed insights into the
challenges and specifics of conducting LCA studies on rainwater harvesting, providing a
robust foundation for directing future research.

In conclusion, this study underscores the necessity for a more holistic approach to the
LCA of rainwater harvesting systems. Although existing research has made considerable
strides, the analysis reveals a tendency towards narrow perspectives that often overlook
the multifaceted benefits of these systems. By addressing these identified gaps and in-
corporating a broader range of variables, future studies can more accurately validate the
sustainability potential of rainwater harvesting systems. This shift towards comprehen-
sive and context-specific analyses is crucial in leveraging the full potential of rainwater
harvesting systems for sustainable water management.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/su151612133/s1, Table S1: Selected articles (continues).

Author Contributions: Conceptualisation, I.C.M.V., T.M.S.O. and E.G.; methodology, I.C.M.V., R.N.I.
and T.M.S.O.; software, I.C.M.V.; validation, I.C.M.V. and T.M.S.O.; formal analysis, I.C.M.V. and
T.M.S.O.; investigation, R.N.I.; data curation, I.C.M.V. and T.M.S.O.; writing—original draft prepara-
tion, I.C.M.V., T.M.S.O. and R.N.I.; writing—review and editing, I.C.M.V., T.M.S.O., R.N.I. and E.G.;
supervision, E.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available upon request.

Acknowledgments: All authors would like to thank the Federal University of Santa Catarina for the
infrastructure and cooperation needed for this paper. The first author would like to thank CAPES for
the scholarship provided.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Alcamo, J.M.; Vörösmarty, C.J.; Naiman, R.J.; Lettenmaier, D.P.; Pahl-Wostl, C. A grand challenge for freshwater research:

Understanding the global water system. Environ. Res. Lett. 2008, 3, 010202. [CrossRef] [PubMed]
2. Vörösmarty, C.J.; Mcintyre, M.O.; Gessner, D.; Dudgeon, A.; Prusevich, P.; Green, S.; Glidden, S.E.; Bunn, C.A.; Sullivan, C.; Reidy

Liermann, C.; et al. Global threats to human water security and river biodiversity. Nature 2010, 467, 555–561. [CrossRef]
3. Gosling, S.N.; Arnell, N.W. A global assessment of the impact of climate change on water scarcity. Clim. Chang. 2016, 134, 371–385.

[CrossRef]
4. Mekonnen, M.M.; Hoekstra, A.Y. Four billion people facing severe water scarcity. Sci. Adv. 2016, 2, e1500323. [CrossRef] [PubMed]
5. Lavee, H.; Poesen, J.; Yair, A. Evidence of high efficiency water-harvesting by ancient farmers in the Negev Desert, Israel. J. Arid

Environ. 1997, 35, 341–348. [CrossRef]
6. Vetter, T.; Rieger, A.-K. Ancient water harvesting in the Old World Dry Belt—Synopsis and outlook. J. Arid Environ. 2019, 169,

42–53. [CrossRef]
7. Campisano, A.; Butler, D.; Ward, S.; Burns, M.J.; Friedler, E.; Debusk, K.; Fisher-Jeffes, L.N.; Ghisi, E.; Rahman, A.; Furumai, H.;

et al. Urban rainwater harvesting systems: Research, implementation and future perspectives. Water Res. 2017, 115, 195–209.
[CrossRef]

8. Associação Brasileira De Normas Técnicas (ABNT). NBR 15527: Aproveitamento de Água de Chuva de Coberturas para fins Não
Potáveis—Requisitos; ABNT: Rio de Janeiro, Brazil, 2019; 14p.

9. Cáceres, P.S.; Ramos, S.R.; Sant’ana, D.R. Potencial de redução da exploração dos recursos hídricos locais pelo aproveitamento de
água pluvial em residências no Distrito Federal. Paranoá Cad. Arquitetura Urban. 2019, 23, 11–19. [CrossRef]

https://www.mdpi.com/article/10.3390/su151612133/s1
https://www.mdpi.com/article/10.3390/su151612133/s1
https://doi.org/10.1088/1748-9326/3/1/010202
https://www.ncbi.nlm.nih.gov/pubmed/32509279
https://doi.org/10.1038/nature09440
https://doi.org/10.1007/s10584-013-0853-x
https://doi.org/10.1126/sciadv.1500323
https://www.ncbi.nlm.nih.gov/pubmed/26933676
https://doi.org/10.1006/jare.1996.0170
https://doi.org/10.1016/j.jaridenv.2019.103996
https://doi.org/10.1016/j.watres.2017.02.056
https://doi.org/10.18830/issn.1679-0944.n23.2019.02


Sustainability 2023, 15, 12133 18 of 21

10. Musayev, S.; Burgess, E.; Mellor, J. A global performance assessment of rainwater harvesting under climate change. Resour.
Conserv. Recycl. 2018, 132, 62–70. [CrossRef]

11. Ghisi, E. Potential for potable water savings by using rainwater in the residential sector of Brazil. Build. Environ. 2006, 41,
1544–1550. [CrossRef]

12. Rebitzer, G.; Ekvall, T.; Frischknecht, R.; Hunkeler, D.; Norris, G.; Rydberg, T.; Schmidt, W.-P.; Suh, S.; Weidema, B.P.; Pennington,
D.W. Life cycle assessment: Part 1: Framework, goal and scope definition, inventory analysis, and applications. Environ. Int. 2004,
30, 701–720. [CrossRef] [PubMed]

13. Tarantini, M.; Ferri, F. A life cycle assessment study of the environmental sustainability of domestic water saving techniques.
Sustain. World 2003, 6, 579–589.

14. Ghimire, S.R.; Johnston, J.M.; Ingwersen, W.W.; Sojka, S. Life cycle assessment of a commercial rainwater harvesting system
compared with a municipal water supply system. J. Clean. Prod. 2017, 151, 74–86. [CrossRef] [PubMed]

15. Page, M.J.; Moher, D.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.; Brennan,
S.E.; et al. PRISMA 2020 explanation and elaboration: Updated guidance and exemplars for reporting systematic reviews. BMJ
2021, 372, n160. [CrossRef] [PubMed]

16. Pereira, V.; Basilio, M.P.; Santos, C.H.T. pyBibX-A Python Library for Bibliometric and Scientometric Analysis Powered with
Artificial Intelligence Tools. arXiv 2023, arXiv:2304.14516.

17. Aria, M.; Cuccurullo, C. bibliometrix: An R-tool for comprehensive science mapping analysis. J. Informetr. 2017, 11, 959–975.
[CrossRef]

18. Ruiz-Rosero, J.; Ramirez-Gonzalez, G.; Viveros-Delgado, J. Software survey: ScientoPy, a scientometric tool for topics trend
analysis in scientific publications. Scientometrics 2019, 121, 1165–1188. [CrossRef]

19. Teston, A.; Geraldi, M.S.; Colasio, B.M.; Ghisi, E. Rainwater Harvesting in Buildings in Brazil: A Literature Review. Water 2018,
10, 471. [CrossRef]

20. Rahman, A.; Keane, J.; Alam Imteaz, M. Rainwater harvesting in Greater Sydney: Water savings, reliability and economic benefits.
Resour. Conserv. Recycl. 2012, 61, 16–21. [CrossRef]

21. ISO 14040:2006c; Environmental Management—Life Cycle Assessment—Principles and Framework. ISO: Geneva, Switzerland,
2006.

22. Dong, Y.; Hossain, U.; Li, H.; Liu, P. Developing Conversion Factors of LCIA Methods for Comparison of LCA Results in the
Construction Sector. Sustainability 2021, 13, 9016. [CrossRef]

23. Koch, D.; Friedl, A.; Mihalyi, B. Influence of different LCIA methods on an exemplary scenario analysis from a process
development LCA case study. Environ. Dev. Sustain. 2023, 25, 6269–6293. [CrossRef]

24. Hammes, G.; Thives, L.P.; Ghisi, E. Application of stormwater collected from porous asphalt pavements for non-potable uses in
buildings. J. Environ. Manag. 2018, 222, 338–347. [CrossRef] [PubMed]

25. Rashid, A.R.M.; Bhuiyan, M.A.; Pramanik, B.; Jayasuriya, N. Life cycle assessment of rainwater harvesting system components—
To determine environmentally sustainable design. J. Clean. Prod. 2021, 326, 129286. [CrossRef]

26. Angrill, S.; Farreny, R.; Gasol, C.M.; Gabarrell, X.; Viñolas, B.; Josa, A.; Rieradevall, J. Environmental analysis of rainwater
harvesting infrastructures in diffuse and compact urban models of Mediterranean climate. Int. J. Life Cycle Assess. 2011, 17, 25–42.
[CrossRef]

27. Devkota, J.; Schlachter, H.; Apul, D. Life cycle based evaluation of harvested rainwater use in toilets and for irrigation. J. Clean.
Prod. 2015, 95, 311–321. [CrossRef]

28. Gómez-Monsalve, M.; Domínguez, I.; Yan, X.; Ward, S.; Oviedo-Ocaña, E. Environmental performance of a hybrid rainwater
harvesting and greywater reuse system: A case study on a high water consumption household in Colombia. J. Clean. Prod. 2022,
345, 131125. [CrossRef]

29. Marinoski, A.K.; Rupp, R.F.; Ghisi, E. Environmental benefit analysis of strategies for potable water savings in residential
buildings. J. Environ. Manag. 2018, 206, 28–39. [CrossRef]

30. Vaz, M.; Catão, I.; Enedir; Thives; Padilha, L. Life cycle energy assessment and economic feasibility of stormwater harvested from
pervious pavements. Water Res. 2020, 170, 115322.

31. Antunes, L.N.; Ghisi, E.; Severis, R.M. Environmental assessment of a permeable pavement system used to harvest stormwater
for non-potable water uses in a building. Sci. Total Environ. 2020, 746, 141087. [CrossRef]

32. Antunes, L.N.; Sydney, C.; Ghisi, E.; Phoenix, V.R.; Thives, L.P.; White, C.; Garcia, E.S.H. Reduction of Environmental Impacts
Due to Using Permeable Pavements to Harvest Stormwater. Water 2020, 12, 2840. [CrossRef]

33. Wang, Z.; Zhou, S.; Wang, M.; Zhang, D. Cost-benefit analysis of low-impact development at hectare scale for urban stormwater
source control in response to anticipated climatic change. J. Environ. Manag. 2020, 264, 110483. [CrossRef] [PubMed]

34. Abas, P.E.; Mahlia, T. Techno-Economic and Sensitivity Analysis of Rainwater Harvesting System as Alternative Water Source.
Sustainability 2019, 11, 2365. [CrossRef]

35. Zanni, S.; Cipolla, S.S.; di Fusco, E.; Lenci, A.; Altobelli, M.; Currado, A.; Maglionico, M.; Bonoli, A. Modeling for sustainability:
Life cycle assessment application to evaluate environmental performance of water recycling solutions at the dwelling level.
Sustain. Prod. Consum. 2019, 17, 47–61. [CrossRef]

36. Vialle, C.; Busset, G.; Tanfin, L.; Montrejaud-Vignoles, M.; Huau, M.-C.; Sablayrolles, C. Environmental analysis of a domestic
rainwater harvesting system: A case study in France. Resour. Conserv. Recycl. 2015, 102, 178–184. [CrossRef]

https://doi.org/10.1016/j.resconrec.2018.01.023
https://doi.org/10.1016/j.buildenv.2005.03.018
https://doi.org/10.1016/j.envint.2003.11.005
https://www.ncbi.nlm.nih.gov/pubmed/15051246
https://doi.org/10.1016/j.jclepro.2017.02.025
https://www.ncbi.nlm.nih.gov/pubmed/30147248
https://doi.org/10.1136/bmj.n160
https://www.ncbi.nlm.nih.gov/pubmed/33781993
https://doi.org/10.1016/j.joi.2017.08.007
https://doi.org/10.1007/s11192-019-03213-w
https://doi.org/10.3390/w10040471
https://doi.org/10.1016/j.resconrec.2011.12.002
https://doi.org/10.3390/su13169016
https://doi.org/10.1007/s10668-022-02302-w
https://doi.org/10.1016/j.jenvman.2018.05.094
https://www.ncbi.nlm.nih.gov/pubmed/29864746
https://doi.org/10.1016/j.jclepro.2021.129286
https://doi.org/10.1007/s11367-011-0330-6
https://doi.org/10.1016/j.jclepro.2015.02.021
https://doi.org/10.1016/j.jclepro.2022.131125
https://doi.org/10.1016/j.jenvman.2017.10.004
https://doi.org/10.1016/j.scitotenv.2020.141087
https://doi.org/10.3390/w12102840
https://doi.org/10.1016/j.jenvman.2020.110483
https://www.ncbi.nlm.nih.gov/pubmed/32250908
https://doi.org/10.3390/su11082365
https://doi.org/10.1016/j.spc.2018.09.002
https://doi.org/10.1016/j.resconrec.2015.07.024


Sustainability 2023, 15, 12133 19 of 21

37. Rashid, A.R.M.; Bhuiyan, M.A.; Pramanik, B.; Jayasuriya, N. A comparison of environmental impacts between rainwater
harvesting and rain garden scenarios. Process. Saf. Environ. Prot. 2021, 159, 198–212. [CrossRef]

38. Jeong, H.; Broesicke, O.A.; Drew, B.; Li, D.; Crittenden, J.C. Life cycle assessment of low impact development technologies
combined with conventional centralized water systems for the City of Atlanta, Georgia. Front. Environ. Sci. Eng. 2016, 10, 1.
[CrossRef]

39. Ghimire, S.R.; Johnston, J.M.; Garland, J.; Edelen, A.; Ma, X.; Jahne, M. Life cycle assessment of a rainwater harvesting system
compared with an AC condensate harvesting system. Resour. Conserv. Recycl. 2019, 146, 536–548. [CrossRef]

40. Leong, J.Y.C.; Balan, P.; Chong, M.N.; Poh, P.E. Life-cycle assessment and life-cycle cost analysis of decentralised rainwater
harvesting, greywater recycling and hybrid rainwater-greywater systems. J. Clean. Prod. 2019, 229, 1211–1224. [CrossRef]

41. Anand, C.; Apul, D. Economic and environmental analysis of standard, high efficiency, rainwater flushed, and composting toilets.
J. Environ. Manag. 2010, 92, 419–428. [CrossRef]

42. Bhakar, V.; Sihag, N.; Gieschen, R.; Andrew, S.; Herrmann, C.; Sangwan, K. Environmental Impact Analysis of a Water Supply
System: Study of an Indian University Campus. Procedia CIRP 2015, 29, 468–473. [CrossRef]

43. Vaz, I.C.M.; Antunes, L.N.; Ghisi, E.; Thives, L.P. Permeable Pavements as a Means to Save Water in Buildings: State of the Art in
Brazil. Sci 2021, 3, 36. [CrossRef]

44. Marinoski Ribeiro, A.K. Método para Avaliação do Impacto Ambiental da Implantação de Sistemas Integrados de Aproveitamento
de Água Pluvial e Água Cinza em Residências Unifamiliares a Partir da Análise do Ciclo de Vida. Ph.D. Thesis, Universidade
Federal de Santa Catarina, Florianopolis, Brazil, 2015.

45. Angrill, S.; Segura-Castillo, L.; Petit-Boix, A.; Rieradevall, J.; Gabarrell, X.; Josa, A. Environmental performance of rainwater
harvesting strategies in Mediterranean buildings. Int. J. Life Cycle Assess. 2016, 22, 398–409. [CrossRef]

46. Arden, S.; Morelli, B.; Cashman, S.; Ma, X.; Jahne, M.; Garland, J. Onsite Non-potable Reuse for Large Buildings: Environmental
and Economic Suitability as a Function of Building Characteristics and Location. Water Res. 2021, 191, 116635. [CrossRef]

47. Borrion, A.; Matsushita, J.; Austen, K.; Johnson, C.; Bell, S. Development of LCA Calculator to support community infrastructure
co-design. Int. J. Life Cycle Assess. 2018, 24, 1209–1221. [CrossRef]

48. Lam, K.L.; van der Hoek, J.P. Low-Carbon Urban Water Systems: Opportunities beyond Water and Wastewater Utilities? Environ.
Sci. Technol. 2020, 54, 14854–14861. [CrossRef]

49. Nazer, D.W.; Siebel, M.A.; Van der Zaag, P.; Mimi, Z.; Gijzen, H.J. A Financial, Environmental and Social Evaluation of Domestic
Water Management Options in the West Bank, Palestine. Water Resour. Manag. 2010, 24, 4445–4467. [CrossRef]

50. Gikas, G.D.; Tsihrintzis, V.A. Assessment of water quality of first-flush roof runoff and harvested rainwater. J. Hydrol. 2012,
466–467, 115–126. [CrossRef]

51. Hoinaski, L.; Franco, D.; Haas, R.; Martins, R.F.; Lisboa, H.d.M. Investigation of rainwater contamination sources in the southern
part of Brazil. Environ. Technol. 2013, 35, 868–881. [CrossRef]

52. Rouvalis, A.; Karadima, C.; Zioris, I.V.; Sakkas, V.A.; Albanis, T.; Iliopoulou-Georgudaki, J. Determination of pesticides and toxic
potency of rainwater samples in western Greece. Ecotoxicol. Environ. Saf. 2009, 72, 828–833. [CrossRef]

53. Ahmed, W.; Huygens, F.; Goonetilleke, A.; Gardner, T. Real-Time PCR Detection of Pathogenic Microorganisms in Roof-Harvested
Rainwater in Southeast Queensland, Australia. Appl. Environ. Microbiol. 2008, 74, 5490–5496. [CrossRef]

54. Yan, X.; Ward, S.; Butler, D.; Daly, B. Performance assessment and life cycle analysis of potable water production from harvested
rainwater by a decentralized system. J. Clean. Prod. 2018, 172, 2167–2173. [CrossRef]

55. Wang, Y.; Li, H.; Abdelhady, A.; Harvey, J.; Ghadimi, B. Initial evaluation methodology and case studies for life cycle impact of
permeability of permeable pavements. Int. J. Transp. Sci. Technol. 2018, 7, 169–178. [CrossRef]

56. Bhatt, A.; Bradford, A.; Abbassi, B.E. Cradle-to-grave life cycle assessment (LCA) of low-impact-development (LID) technologies
in southern Ontario. J. Environ. Manag. 2018, 231, 98–109. [CrossRef]

57. Ghisi, E.; Bressan, D.L.; Martini, M. Rainwater tank capacity and potential for potable water savings by using rainwater in the
residential sector of southeastern Brazil. Build. Environ. 2007, 42, 1654–1666. [CrossRef]

58. Ghisi, E.; Montibeller, A.; Schmidt, R.W. Potential for potable water savings by using rainwater: An analysis over 62 cities in
southern Brazil. Build. Environ. 2006, 41, 204–210. [CrossRef]

59. Tavakol-Davani, H.; Burian, S.J.; Devkota, J.; Apul, D. Performance and Cost-Based Comparison of Green and Gray Infrastructure
to Control Combined Sewer Overflows. J. Sustain. Water Built Environ. 2016, 2, 04015009. [CrossRef]

60. Valdez, M.C.; Adler, I.; Barrett, M.; Ochoa, R.; Pérez, A. The Water-Energy-Carbon Nexus: Optimising Rainwater Harvesting in
Mexico City. Environ. Process. 2016, 3, 307–323. [CrossRef]

61. Brown, R.; Farrelly, M.; Keath, N. Practitioner Perceptions of Social and Institutional Barriers to Advancing a Diverse Water
Source Approach in Australia. Int. J. Water Resour. Dev. 2009, 25, 15–28. [CrossRef]

62. Domènech, L.; Saurí, D. A comparative appraisal of the use of rainwater harvesting in single and multi-family buildings of the
Metropolitan Area of Barcelona (Spain): Social experience, drinking water savings and economic costs. J. Clean. Prod. 2011, 19, 598–608.
[CrossRef]

63. Soler, N.G.; Moss, T.; Papasozomenou, O. Rain and the city: Pathways to mainstreaming rainwater harvesting in Berlin. Geoforum
2018, 89, 96–106. [CrossRef]

64. Gato-Trinidad, S.; Gan, K. Rainwater tank rebate scheme in Greater Melbourne, Australia. J. Water Supply: Res. Technol. AQUA
2014, 63, 601–610. [CrossRef]

https://doi.org/10.1016/j.psep.2021.12.047
https://doi.org/10.1007/s11783-016-0851-0
https://doi.org/10.1016/j.resconrec.2019.01.043
https://doi.org/10.1016/j.jclepro.2019.05.046
https://doi.org/10.1016/j.jenvman.2010.08.005
https://doi.org/10.1016/j.procir.2015.02.061
https://doi.org/10.3390/sci3040036
https://doi.org/10.1007/s11367-016-1174-x
https://doi.org/10.1016/j.watres.2020.116635
https://doi.org/10.1007/s11367-018-1492-2
https://doi.org/10.1021/acs.est.0c05385
https://doi.org/10.1007/s11269-010-9667-z
https://doi.org/10.1016/j.jhydrol.2012.08.020
https://doi.org/10.1080/09593330.2013.854412
https://doi.org/10.1016/j.ecoenv.2008.09.016
https://doi.org/10.1128/AEM.00331-08
https://doi.org/10.1016/j.jclepro.2017.11.198
https://doi.org/10.1016/j.ijtst.2018.07.002
https://doi.org/10.1016/j.jenvman.2018.10.033
https://doi.org/10.1016/j.buildenv.2006.02.007
https://doi.org/10.1016/j.buildenv.2005.01.014
https://doi.org/10.1061/JSWBAY.0000805
https://doi.org/10.1007/s40710-016-0138-2
https://doi.org/10.1080/07900620802586090
https://doi.org/10.1016/j.jclepro.2010.11.010
https://doi.org/10.1016/j.geoforum.2018.01.010
https://doi.org/10.2166/aqua.2014.200


Sustainability 2023, 15, 12133 20 of 21

65. Elder, A.D.; Gerlak, A.K. Interrogating rainwater harvesting as Do-It-Yourself (DIY) Urbanism. Geoforum 2019, 104, 46–54.
[CrossRef]

66. Gonela, V.; Altman, B.; Zhang, J.; Ochoa, E.; Murphy, W.; Salazar, D. Decentralized rainwater harvesting program for rural cities
considering tax incentive schemes under stakeholder interests and purchasing power restrictions. J. Clean. Prod. 2019, 252, 119843.
[CrossRef]

67. Pacheco, P.R.d.C.; Gómez, Y.D.; de Oliveira, I.F.; Teixeira, L.C.G. A view of the legislative scenario for rainwater harvesting in
Brazil. J. Clean. Prod. 2017, 141, 290–294. [CrossRef]

68. Nandi, S.; Gonela, V. Rainwater harvesting for domestic use: A systematic review and outlook from the utility policy and
management perspectives. Util. Policy 2022, 77, 101383. [CrossRef]

69. Holland-Stergar, B. The Law and Policy of Rainwater harvesting: A Comparative Analysis of Australia, India, and the United
States. UCLA J. Environ. Law Policy 2018, 36, 127. [CrossRef]

70. Yannopoulos, S.; Giannopoulou, I.; Kaiafa-Saropoulou, M. Investigation of the Current Situation and Prospects for the Develop-
ment of Rainwater Harvesting as a Tool to Confront Water Scarcity Worldwide. Water 2019, 11, 2168. [CrossRef]

71. Cureau, R.J.; Ghisi, E. Electricity savings by reducing water consumption in a whole city: A case study in Joinville, Southern
Brazil. J. Clean. Prod. 2020, 261, 121194. [CrossRef]

72. Melville-Shreeve, P.; Ward, S.; Butler, D. Rainwater Harvesting Typologies for UK Houses: A Multi Criteria Analysis of System
Configurations. Water 2016, 8, 129. [CrossRef]

73. Vieira, A.S.; Beal, C.D.; Ghisi, E.; Stewart, R.A. Energy intensity of rainwater harvesting systems: A review. Renew. Sustain. Energy
Rev. 2014, 34, 225–242. [CrossRef]

74. Custódio, D.A.; Ghisi, E. Assessing the Potential for Potable Water Savings in the Residential Sector of a City: A Case Study of
Joinville City. Water 2019, 11, 2074. [CrossRef]

75. Leong, J.Y.C.; Chong, M.N.; Poh, P.E.; Vieritz, A.; Talei, A.; Chow, M.F. Quantification of mains water savings from decentralised
rainwater, greywater, and hybrid rainwater-greywater systems in tropical climatic conditions. J. Clean. Prod. 2018, 176, 946–958.
[CrossRef]

76. Belmeziti, A.; Coutard, O.; de Gouvello, B. A New Methodology for Evaluating Potential for Potable Water Savings (PPWS) by
Using Rainwater Harvesting at the Urban Level: The Case of the Municipality of Colombes (Paris Region). Water 2013, 5, 312–326.
[CrossRef]

77. Li, Z.; Boyle, F.; Reynolds, A. Rainwater harvesting and greywater treatment systems for domestic application in Ireland.
Desalination 2010, 260, 1–8. [CrossRef]
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