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ABSTRACT: This study aims to promote residential rainwater harvesting everywhere rain falls. It recalls
the history of urban rainwater (stormwater) management while insisting on the origin of the perception that
rainwater is not a relevant source of potable water. It also argues that where rainwater is polluted, it can be
easily treated using frugal technologies such as filtration on metallic iron-based filters. The study notes that
stormwater is precipitation that is not harvested. Thus, harvesting rainwater prevents (quantitative) storm-
water generation, and transforms stormwater from a threat (e.g., erosion, floods) to a resource (e.g., drinking
water, food security) for human and environmental needs. The effective management of stormwater (i)
enhances the quality of human life, (ii) sustains local biodiversity, and (iii) protects the whole environment.
Thus, the failure to harvest rainwater should be considered irresponsible, if not unethical. This argument
alone makes each conscientious citizen a changemaker. A number of local changemakers will organize to
determine the best way to integrate overflow from individual residences to enhance the community’s live-
ability. This study provides a valuable consolidation of information that will facilitate the mainstreaming
of rainwater harvesting as the pillar of holistic integrated water resource management.

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
[ (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Annual flooding in residential zones is recurrent in many parts of the world and is rightly correlated
with population growth and rapid urbanization [ 1-5]. Urbanization essentially entails the transformation of
pervious natural landscapes into impervious infrastructures, including buildings, courtyards, playgrounds,
residences, roads, and streets. Rain falling on impervious surfaces is prevented from infiltrating (reducing
aquifer recharge), while simultaneously increasing surface runoff and flooding vulnerability [1,3,6—-11]. In
many cases, the excess water that causes flooding for several weeks during the rainy season is unavailable
a few months later, during the dry season [12,13]. From a pure mass balance perspective, it is argued that
modern engineering tools can store floodwater for use during the dry season, while directing the excess
volume to infiltrate and recharge aquifers. Good local water governance should start by making this harmful
excess water (threat) from the rainy season into a useful resource for the whole year. If, in addition, the
stored water volumes surpass the domestic needs of the population, there is excess water for productive
activities, including irrigated agriculture, landscape restoration, and livestock production. Water
governance is currently limited to redistributing groundwater and surface water (blue water) among
stakeholders (Table 1) [14,15]. This corresponds to the application of the concept of integrated water
resources management (IWRM), which constitutes the focus of Goal 6 of the United Nations Sustainable
Development Goals (SDGs) [16]: “sustainable management of water and sanitation for all”. IWRM, which
is target 6.5.1, promotes the coordinated management of water, land, and related resources to maximize
economic and social welfare in an equitable manner. It is about answering the question, “Who gets how
much of blue water and when?” [14]. In these efforts, the sustainability of ecosystems should not be
compromised as well.

Table 1. Challenges faced in conventional rainwater harvesting (RHW) within the framework of integrated water resources
management (IWRM) and opportunities in the “rainwater first” approach as a solution.

Challenges (in Conventional RWH) Opportunities (in the “Rainwater First” Approach)

Supply-based management: volume of water supplied by rainfall (annual
Demand-based management: volume of  precipitation) at the point of use (allotment scale) is the starting point. Is there
water required at the point of use over the enough water for drinking, showers, taps, and toilets? If not, can the water deficit
year. Is there enough water for drinking, be supplied by a borehole or well, an extended catchment area, or the utilities? If
showers, taps, and toilets? Can that volumeyes, the excess is used for (i) productive activities (e.g., irrigation, livestock

of water be supplied by the utilities? production), (ii) aquifer recharge, or (iii) to feed the community tank.

The total annual precipitation is not Water management is rooted in total annual precipitation. Excess water is

considered (no mass balance). infiltrated, ideally to the extent that no surface runoff is generated (zero-runoff
approach)

Challenges in managing stormwater or
surface runoff to avoid soil erosion, street
inundation, and flooding.

The generation of stormwater is avoided. Ideally, the whole precipitation is
captured, and a controlled discharge is operated in case cisterns and tanks are filled.

Limited knowledge of detailed water Water demand patterns at the household or building level are easy to assess. Proper
demand patterns makes management and management is equivalent to fixing the volume or water to pump periodically (e.g.,
planning difficult for utilities daily) from the underground reservoir into the elevated storage tank

Lack of resources for modern RWH Opportunity to start with low-cost traditional knowledge and extend to frugal
infrastructures innovations

Lack or scarcity of skilled technicians Local training of constructors, like for the Calabash cisterns in Africa
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Water is made available in-homes: the workload of women is practically reduced
and safe storage improved (e.g., Calabash). Boosting residential water self-
sufficiency.

An increase in the female workload to
collect water from community standpipes

Clearly, IWRM, as discussed for the past four decades, is rooted in an incomplete analysis of the natural
cycle of water or hydrologic cycle [8,15,17-19]. The hydrologic cycle involves the continuous circulation
of water within the hydrosphere and includes the following processes: condensation, evaporation,
infiltration, precipitation, runoff, and transpiration (Figure 1) [20]. Figure 1 illustrates that groundwater
results from infiltration of precipitation (rainfall), while surface water primarily represents the discharge or
overflow of groundwater. In other words, precipitation is a primary source of water, while groundwater and
surface water are just secondary sources: Precipitation = blue water + green water, Blue water =
groundwater + surface water [20-26]. In the remaining text, “precipitation” and “rainfall” are randomly
interchanged, although they are strictly two different natural processes [27]. This simplification is justified
by the fact that snowmelt is unknown in many locations around the world. This communication starts from
the point that regarding rain as a ternary source of water has been the cardinal oversight that has impeded
the development of water management for the past two centuries. Clearly, water governance focuses on
blue water governance while atmospheric water, green water, and rainwater are only marginally considered
[15,19,28]. Clearly, research on RWH lags behind practical accomplishments.

Rain

«—— Primary Source

Secondary Source

Surface water |1
l ‘;I’UB

Wastewater
\ Groundwater

Figure 1. Conceptual representation of the three sources of freshwater on earth, highlighting the interconnected pathways
between groundwater, rainwater, and surface water, and their interactions with human activities. Surface water and groundwater
(secondary sources or blue water) come from rain (primary source). Recycling and desalination represent the ternary source of
water. Modified after UN-Habitat [23].

The major driver of the conceptual error hindering the science-based advancement of water
management is the sanitation-centred urban approach of the 1850s, which regarded rainwater primarily or
even exclusively as a “nuisance” or a “threat” (“rain to the river”) [19,29]. According to this still prevailing
concept, rainwater or stormwater must be drained as quickly as possible to the next surface water body. For
heavy rain events or moderate events lasting “too long”, the infiltration capacity of soils is exceeded, and
precipitation flows directly to the river, where it can cause pluvial flooding [19,30]. This corresponds to
“lost rain” or “lost water” according to the vision of King Parakramabahu of Sri Lanka (12th century), who
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once proclaimed “Let not a single drop of water flow into the ocean without being used for human benefit”
or “Do not let a single drop of water fall from the sky into the sea” [31]. The vision of King Parakramabahu
suggests that IWRM is not a new concept; rather, what is most important is its full realization for the benefit
of humankind and the living environment. The premise of this communication is that the know-how for
universal access to safe drinking water through self-supply with harvested rainwater is already available
but fragmented and scattered in the literature [18,32-34]. Engineered storage infrastructure (e.g., cisterns,
dams, ponds, tanks) can enable water supply everywhere rain falls, whether the harvested volume is
sufficient for a given purpose or not. This corresponds to the “catch it where it falls” slogan that India has
been applying for the past 26 years [35]. In India and worldwide, water policy must rely on rigorous state-
of-the-art scientific knowledge from different disciplines and traditional knowledge systems. However,
there is currently no dedicated international body to systematically assess all relevant existing water data
and communicate new findings [28]. Moreover, the current prevailing water management paradigm (e.g.,
IWRM) has not properly considered the natural water cycle as discussed above [19,34,36].

Since the 1850s, urban drinking water and wastewater have been supplied or collected in centralized
piped networks [37]. In rural areas where such centralized systems are basically not affordable, small-scale
systems using groundwater or rainwater are installed. When groundwater and surface water are unavailable
or contaminated, rainwater is recognized as a stand-alone source of water for all uses. This is the case, for
example, on many Caribbean small islands [38—42], in Tanzanian districts [43], and in some parts of India
where blue water is polluted by arsenic or fluoride [44,45]. Finally, whenever there is a deficit of freshwater,
desalinated and reclaimed waters are used as viable sources of freshwater, for example, in Windhoek,
Namibia [46,47]. This consensual approach (also referred to as “conventional approach” or “traditional
approach”) has been adopted almost uncritically to the extent that it is regarded as the norm. The
corresponding priority order is “blue water first, then rainwater, or saline water, or reclaimed water”. To
face a mounting freshwater scarcity, many regions are independently considering the so-called “non-
conventional” water sources [48,49]. Unfortunately, these regions have ignored that rainwater is the only
freshwater source elsewhere. Consequently, avoidable conflicts tend to occur over aspects like water quality
and the feasibility of RWH. Therefore, there is a crucial need to clarify this issue, particularly to foster the
application of the IWRM framework. For example, why not capture precipitation and avoid its pollution
by excess nutrients, faecal matter, fats, and oils? These pollutants determine the level of treatment required
to recycle and utilize wastewater [46].

Rainwater harvesting has been rightly regarded as a counterbalance to (i) irrigation requirements, (ii)
replenishing depleted groundwater, and (iii) enhancing resilience to climate change, especially in the face
of droughts and high precipitation [5,50]. Harvested rainwater, which is freshwater, stored in cisterns,
natural reservoirs, ponds, tanks, and other structures during the rainy seasons, alleviates the variability in
the water supply. Large-scale water infrastructure projects such as canals, dams, and reservoirs have been
widely implemented since the twentieth century [50-54] to provide drinking water, flood protection,
hydroelectric power, and water for irrigation. Recently, the use of domestic and communal wastewater for
irrigation has provided benefits such as conserving freshwater resources, reducing environmental pollution,
and providing nutrients to crops [55,56]. Water desalination has also been demonstrated to be an effective
and innovative technique to minimize groundwater depletion and ensure water security across a range of
climatic regions [54,57,58]. Moreover, reclaimed wastewater, river water, and stormwater are the main
water sources for managed aquifer recharge (MAR) [54]. It appears that in efforts to reduce water insecurity,
the trilogy blue water/stormwater/wastewater has been constantly considered [58,59]. For example, MAR
seeks to augment blue water by infiltrating stormwater, reclaiming wastewater, and treating river water [60].
On the other hand, the One Water Concept (OWC), which is the most advanced form of IWRM,
encompasses all three categories of water (blue water/stormwater/wastewater) [59,61]. In other words,
managed aquifer recharge, rainwater collection, (sea)water desalination, and wastewater reclamation (water
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recycling) are being typically utilized to address water scarcity worldwide [58,61]. However, the OWC
overlooks the evidence that stormwater is a fraction of rainwater, and that used harvested rainwater can be
recycled like all other forms of wastewater. The OWC also does not directly consider rainwater [62].
Clearly, the OWC is not based on the water mass balance. The question arises: How can the water mass
balance be properly considered in IWRM?

The aim of this paper is to critically examine how the IWRM concept can be better implemented
worldwide through an interdisciplinary perspective. Specifically, the paper seeks to: (1) identify oversights
that have impaired the understanding of the water cycle, (ii) synthesize historical insights from global
success stories, and (iii) propose a citizen roadmap to foster water management at the smallest level.
Because the aim is to show that RWH is a universal solution for self-reliance in safe drinking water supply,
the affordability and efficiency of the filtration of metallic iron filtration systems (Fe® filters) to treat
rainwater to drinking water standards will be discussed. Fe filters should counter public doubts surrounding
rainwater quality. This communication is regarded as the first attempt to realize the vision of Prof.
Herrmann of Hannover (Germany), who published almost three decades ago the first call for RWH-based
water supply after the industrial revolution [37]. In this approach, a compound or a household is the water
management unit, not the commonly mentioned watershed (within a basin). Thus, every individual is both
an interested stakeholder and a water manager. In summary, the current paper acknowledges the validity of
the conventional Integrated Water Resources Management (IWRM) framework and its core principles as a
foundation for further conceptual development. The rainwater-first and zero-runoff concepts extend IWRM
by explicitly prioritizing and integrating rainwater-harvesting systems into the broader IWRM framework.

The paper proceeds as follows. First, the methodology used is disclosed (Section 2), followed by a
Background and misconceptions on IWRM (Section 3). Next, the zero-runoff approach is presented (Section
4). Then, two historical success stories of RWH are presented to illustrate the global viability of this
technology (Section 5). Section 6 discusses some key issues in the further development of RWH from the
perspective of the zero-runoff approach. Conclusion and recommendations (Section 7) close the presentation.

2. Methodology

An appraisal approach is used herein, consisting of collating the huge scientific literature on rainwater
harvesting and extracting points of certainty and uncertainty, knowledge gaps, and open questions. An
appraisal does identify levers for action [63,64]. The review is based on the authors’ expert knowledge. For
this purpose, an authorship with skills in the following complementary disciplines was mobilized:
biogeochemistry, civil engineering, ecology, environmental chemistry, environmental remediation,
hydrogeochemistry, hydrology, urban geography, water engineering, water management, and water quality.
A large bibliographic corpus was selected from all available sources, including Google Scholar,
Researchgate and Web of Science. Scientific articles validated by peers, thesis research works (e.g., master,
PhD), scientific reports, and technical reports were considered. The premise is that precipitation is a
valuable resource and should be harvested everywhere it falls, whether it is abundant or not. This is because
only a tiny fraction of precipitation is permanently available as groundwater (e.g., boreholes, tubewells,
wells) or surface water (e.g., lakes, rivers, springs) [19,65]. Clearly, precipitation should be regarded as a
stand-alone source of freshwater, capable of supplying certain communities with water for all uses. In other
words, by considering RWH only optionally, the conventional approach of integrated water resources
management (IWRM) is not holistic. The methodology used herein consists of mining the literature to
falsify arguments that have been impairing the full consideration of RWH in IWRM efforts. In other words,
two Chinese large scale success stories are presented and discussed.

For illustration, the following can be considered:

Conventional IWRM: Supply = (ground + surface) water + eventually (rain + recycled) water.

RWH-based IWRM: Supply = rainwater + eventually (ground + surface + recycled) water.
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The key difference is that the alternative IWRM approach considers RWH fully (“rainwater first”).
More so, groundwater and surface water are only optionally considered, for example, where precipitation
is not abundant [19,48]. The key advantage of the alternative system is that erosion and flooding are
addressed at the source, while the water supply is hugely augmented.

3. Background and Misconceptions on IWRM

The opportunity to regard rainwater as a “resource” was clearly neglected in the developed countries
until some 40 or 50 years ago [32,37,66]. Herrmann and Hasse [37] rightly questioned the conventional
way to get water, based on long-distance water pumping (centralized systems) as opposed to local rainwater
utilization (decentralized systems). They clearly demonstrated the affordability and viability of rainwater
harvesting for the developed countries, and recent calculations have confirmed these findings [67]. While
occasionally citing Herrmann and colleagues [9,37,66,67], subsequent works have mostly limited the use
of harvested rainwater to non-potable applications [68—70]. This occurred to the extent that Notaro et al.
[69] argued that RWH cannot be a stand-alone approach for domestic water supply because people will still
need safe drinking water (from other sources). This argument is counterintuitive for at least two reasons: (i)
excellent decentralized water treatment technologies have been developed, tested, and validated [71-75],
and (i1) there are many island communities around the world having precipitation as their single source of
freshwater [76,77]. The true history of RWH is summarized by John Mbugua in the following words:
“where piped water supplies have been provided, the importance of rainwater as a source of supply has
diminished” [78].

Increased interest in rainwater harvesting has been witnessed for the past 50 years. The first water-
harvesting symposium was held in March 1974 in Phoenix, Arizona, USA [32]. Between 1982 and 1995,
seven international conferences were held by the International Rainwater Catchment Systems Association
(IRCSA—nhttps://uia.org/s/or/en, accessed on 27 February 2026). The IRCSA was founded to promote
rainwater catchment systems, including planning, development, management, science, technology, research,
and education worldwide [79]. The IRCSA has established an international forum for administrators,
educators, engineers, scientists, and those concerned with RWH. IRCSA also drafts international guidelines
on RWH, updates and disseminates information, and collaborates with and supports international programs
[79]. Originally, the IRCSA was formed in response to the needs of the International Drinking Water Supply
and Sanitation Decade (IDWSSD, 1981-1990), with the main objectives of: (i) promoting and advancing
rainwater catchment technologies, (ii) attempting to link all those working in this field, (iii) drawing up a
set of international guidelines for use of rainwater harvesting technology, and (iv) supporting a series of
conferences. It is then certain that the IRCSA is playing its assigned role. For this article, the presentation
of the activities of IRCSA is limited to the 1995 international conference in Beijing, China. This Beijing
conference can be regarded as the birthplace of two decisive initiatives for the future of RWH as a
technology (Section 4): (i) the dissemination of cisterns in the semi-arid area of Gansu Province, and (ii)
the establishment of sponge cities. These two initiatives can be regarded as a benchmark demonstration of
the huge potential of RWH in rural and urban areas, respectively. In other words, since the establishment
of the first sponge cities (around 2015) [11,80,81], there is no longer a need to pilot test projects to
demonstrate the viability of RWH.

The literature on IWRM and RWH is very versatile, with some 2010 articles already published in 2025
according to a ScienceDirect search (23 November 2025) with the keyword “rainwater harvesting”. A
critical overview reveals that the water management literature is largely fragmented, incoherent, and mired
in a virtual death, due to lack of adoption and implementation, despite the many United Nations conferences
and the many institutions working on water management [7,28,80—89]. There are even voices for new
specialized institutions [28]. For example, Herrfahrdt-Pdhle et al. [28] argued that current measures cannot
address the identified global goals, including SDG 6. Citing the United Nations, these authors stated that a
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sixfold increase in the rate of implementation is needed to achieve access to safe drinking water, and a
fivefold increase for access to sanitation [90,91]. Herrfahrdt-Péahle et al. [28] primarily attributed the
implementation challenges mostly with a lack of clear vision and political commitment. In contrast, Singh
and Goyal [88] argued that the standard definition of IWRM is the key issue as it may lead to unrealistic
expectations, “propagating a misconception that IWRM can address all water resource-based problems”.
Singh and Goyal [88] argued that despite the correct implementation of IWRM, it would remain
“challenging to balance natural and societal issues and integrate relevant sectors and stakeholders
effectively”. These two examples are not isolated, suggesting that despite 40 years of intensive efforts, the
global water crisis has no end in sight. A “dead end” or a “virtual death” is always an opportunity to question
a working paradigm [92]. The presentation above has already outlined that the current understanding of
IWRM predominantly focuses on sharing “blue water” to all stakeholders [93—-97], while paying cursory
attention to rainwater.

Instead, it is the whole freshwater mass (blue water and rainwater) that should be shared. A dire revision
of the IWRM is urgently needed. It is anticipated that at this stage, no paradigm shift is preconceived but
solely an adaptation, considering rain as the primary source of freshwater (Figure 1) [13,19,34,96-98].

A central point of convergence in the scientific literature is that [IIWRM offers a participatory framework
for sustainable water management by tailoring solutions to local contexts [9,70,84,88,99]. This is because
IWRM adopts a participatory approach that involves all stakeholders and manages water at the lowest
appropriate level through decentralized systems. For RWH, the lowest appropriate level is the household
or the farm. Accordingly, mainstreaming RWH should be the path to make “water management
everybody’s business”. The objective of the study is to contribute to paving the way for mainstreaming
RWH by presenting the scientific background of rainwater harvesting. It is not a systematic literature review
but rather a critical assessment of available knowledge, aimed at eliminating misconceptions about RWH,
including its use as potable water. The starting point is that RWH always improves water management by
contributing to (i) alleviating water scarcity or improving water conservation (water availability), (ii)
combating food insecurity or improving agricultural productivity, (iii) controlling erosion and flood
(hydrological impacts), and (iv) recharging groundwater (hydrological impacts) [18,99,100].

Summarized, efforts over the past 4 to 5 decades to use IWRM as a leading framework for coordinating
the sustainable water management across different sectors have been impaired by certain conceptual errors.
The core ideas of IWRM (e.g., ecosystem protection, efficiency, equity) are sound and widely
acknowledged. The zero-runoff approach builds upon this very same integrated perspective. All water is
considered as a single, interconnected system with the subtle but crucial difference that precipitation is
regarded as the primary source of water, or the mother of groundwater and surface water (blue water) on
which the conventional centralized water supply is built. Accordingly, stormwater is just unharvested
precipitation, an avoidable excess. Moreover, used harvested rainwater can be reclaimed as well. Clearly,
rainwater and reclaimed water are not comparable components of the water cycle. The cooperation among
institutions and communities to achieve an affordable and sustainable IWRM would benefit from a better
system analysis.

4. The Zero-Runoff Concept

The zero-runoff concept negates the assumption that RWH is for arid and semi-arid regions only. RWH
is also not only for the many areas of relatively high rainfall but also lacks adequate freshwater due to the
pollution of groundwater and surface water, or their high salinity. It is also not intuitive to consider that
RWH is an alternative to those who cannot afford centralized pipe water. Rather, learning from each other
implies that any practice originating from one part of the global village (e.g., islands and semi-arid regions)
can be transferred to other regions (e.g., humid regions). RWH is such a practice, developed as a matter of
necessity in arid and semi-arid regions [32,33]. The well-established principles of this technology are of
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the greatest use for the realization of UN SDGs, Goal 6: “sustainable management of water and sanitation
for all”. The key feature of RWH for this work is that it creates new blue water in the form of harvested
rainfall stored in cisterns or tanks (artificial catchment) or artificially infiltrated rainwater (aquifer recharge).

4.1. General Aspects

Rainfall is the driver of agricultural activity and the motor of food production (a blessing) [32]. Rainfall
also generates runoff or stormwater, which causes soil erosion and flooding (a curse) [7,101]. Whether
rainfall is a blessing or a curse depends on the average intensity, depth, duration, and erosivity of each
rainfall event [102]. These parameters or variables are frequently utilized to evaluate the impacts of rainfall
variation on stormwater generation [102,103]. However, the named parameters cannot reflect the temporal
intensity distribution within a natural rainfall event [89,102]. This is the reason why rainfall events with
similar properties (e.g., duration, intensity) create significantly different volumes of stormwater. Therefore,
scientists have been seeking ways and means to understand the characteristics of stormwater for more
accurate predictions of flooding, soil erosion, and river siltation. Furthermore, the current application of the
IWRM concept is focused on stormwater management. The basic principles of IWRM are: (i) reduce
impervious area, (i) disconnect impervious areas, (ii1) intercept stormwater before it comes in contact with
impervious areas, and (iv) detain and infiltrate stormwater on site, as close as possible to the source [104].
The question to be answered is merely: How can it be avoided that stormwater significantly disturbs the
established water management system? Achieving less flooding and less soil erosion is a success for this
approach, but a success that is difficult to quantify. For example, it is known that Germany is the leader in
Europe in domestic RWH with 33% of all households practising it [80]. However, this number says nothing
about the extent to which flooding or soil erosion has been mitigated. Starting from this point, our research
group has developed a new approach (zero-runoff approach) which avoids the generation of stormwater
instead of trying to struggle with its volume. If stormwater or surface runoff is avoided, then there is no
rain-induced soil erosion, no flooding, and no siltation of reservoirs and rivers. This would correspond to
the elimination of surface runoff, or the maximization of infiltration and groundwater recharge. Maximizing
infiltration induces higher soil moisture content and higher groundwater recharge.

4.2. The Zero-Runoff Approach

The zero-runoff approach is proposed to address the limitations of the current water management
[13,19]. The target is precipitation or rainfall and not stormwater (surface runoff) [95,105]. The premise is
that long-distance transport of stormwater can be avoided, and rain falling on any impervious surface can
be fully captured and fully or partly infiltrated or stored (Figure 2) [19,34,95,106]. Figure 2 shows that
infiltration and storage have the same weight. The volume to store depends on the local demand. Relevant
water demands are agricultural, domestic, and industrial water uses. Domestic activities comprise potable
water, while agricultural activities encompass livestock production. It should be emphasized that a modular
installation of related infrastructures is possible [107] and that a system can be designed for infiltration only
or for storage only [10,34,96,97,108]. Thus, the zero-runoff approach acknowledges the evidence that there
are two main techniques of RWH: (i) storage of rainwater for future use, and (ii) recharge to groundwater
[18,59,61]. However, storing rainwater and infiltrating it should be practised hand in hand everywhere. The
new approach promotes the engagement of all stakeholders in water management [19]. It is about becoming
all water managers and harvesting rainwater because “rain falls on everyone’s soil” [96]. Decentralizing
RWH infrastructure across the landscape and promoting smaller-scale infrastructural practice should be the
goal [34,105,109]. Because this study is focused on residential RWH, systems will be designed for both
infiltration and storage, with excess water directed to community tanks. At a larger scale, roadside RWH
infrastructures can be installed, for example, after every one kilometre [106]. The zero-runoff approach
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uses average annual rainfall data to design the RWH infrastructures (RWHIs). The receiving infrastructure
should be large enough to capture rainfall whenever it falls, regardless of its intensity (e.g., rainfall depth,
event duration, number of rainy days per month/year).

Maximum capture of rainfall

Infiltration Storage

Agricultural
Domestic
Industrial
Livestock
Municipal

Potable water

Figure 2. Conceptual representation of rainwater harvesting according to the zero-runoff approach (“rainwater first”): Rainfall
collection is maximized, and the portion corresponding to the water demand is stored. The difference is infiltrated locally. For
households, the priority is potable water, and it is certain that RWH will meet this need everywhere rain falls. RWH at all scales
is broadened beyond volumetric storage of domestic, irrigation, or potable demands. Modified after Singh et al. [18].

4.3. General Design Aspects

Nature collects and stores rainfall in small and large basins, which correspond to depressions in the
land (e.g., natural basins or natural catchments). This is how blue water (groundwater and surface water) is
“created” or generated. RWH corresponds to “creating” new blue water in artificial “basins” or reservoirs
(e.g., cisterns, dams, ponds, tanks—artificial catchments). Active or artificial rainwater infiltration also
corresponds to the creation of blue water [110]. Therefore, mimicking nature corresponds to connecting or
linking reservoirs to all artificial made impervious surfaces (e.g., courtyards, playgrounds, roofs, roads,
streets). To achieve the pre-development stage, the volume of water infiltrated/stored from each impervious
area should equal the amount that would have been infiltrated when the area was still vegetated. The zero-
runoff approach goes one step further by giving control over the entire rainfall. This corresponds to
collecting rain where it falls, irrespective of (i) annual rainfall pattern (climate and seasonal variations), (ii)
availability of funds, (iii) existence of a conventional water supply system, (iv) permeability of the surface,
(v) roofing materials, (vi) size of the catchment area, and (vii) topography. Rainfall should be harvested on
the mountain and in the valley, and to the extent that no runoff is generated.

In Sri Lanka, for example, this would correspond to making 70% of total rainfall available for all uses
[111]. Collecting 70% of rainfall corresponds to controlling the fraction of rainwater that is currently
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responsible for environmental pollution, flooding, and soil erosion [13,110-112]. Moreover, groundwater
is recharged, and huge volumes of water are made available for domestic and economic activities. Potable
uses of water comprise drinking, bathing, cooking, and dishwashing. Water used for these three activities
must meet drinking water standards, with boiling and filtering being the most recommended treatment
methods [111,113,114]. Reyneke et al. [115] summarized rainwater treatment technologies used in
developing countries. These include chlorination, filtration, metal additives (Cu), ozonation, solar
disinfection (SODIS), solar pasteurization, and ultraviolet (UV) treatment. Non-potable uses include
flushing toilets, washing floors, and watering the garden. For this fraction of harvested rainwater, no
specific treatment is required. The next sub-section deals with how to design a domestic RWH system.

4.4. Compound-Scale Design

At the compound scale, runoff from roofs or all available impervious and pervious surfaces (e.g.,
driveways, gardens, parks, pavements) is to be captured or collected (Section 1). A fraction of the collected
water is stored for later use in domestic and economic activities. Another fraction is infiltrated for aquifer
recharge. Rain falling on each surface is directed by gutters to downspouts and channelled into a storage
system (Figure 3). It is preferable to store roof rainwater and water from other surfaces separately, and to
store drinking water from the roof only. Similarly, runoff from catchment areas other than roofs should be
used only for non-potable purposes, such as dust abatement, garden irrigation, groundwater recharge, and
washing. Based on the rainfall data and the respective catchment areas, the storage tanks are designed to
cover the yearly water demand of the household for domestic and economic activities. It is important to
consider that the design can be modified to accommodate variables, such as the number of people in the
household. In all the cases, increasing water demand corresponds to decreasing infiltration. When the water
demand is minimal, infiltration is maximized. During heavy rain events, when the infiltration rate is lower
than the rainfall intensity or rate, excess rainfall from the infiltration device is directed to the communal tank.

The main steps of the RWH process after the zero-runoff approach are collection, storage, and
infiltration. Only a tiny fraction of stored rainwater is treated to drinking water standards. The
corresponding process steps are: collection, storage, and treatment. In other words, the zero-runoff approach
advocates for treating only the water used for bathing, cooking, dishwashing, and drinking to potable water
standards. According to Huang et al. [74], this goal can be easily achieved using frugal filtration
technologies without additional chlorination. This is because carefully harvested and stored rainwater
encompasses safe storage and eliminates the risk of secondary contamination [116—118]. Accordingly,
depending on the average annual rainfall, the “rainwater first” approach would enable the supply of (i) only
drinking water, (i) only domestic water, (iii) additional water for productive activities, and (iv) excess
water for community reservoirs. In more humid locations, it is expected that some stored water will be
discarded to create space for the next rainfall [119]. This corresponds to a negative water demand for flood
protection. In other words, controlled discharge of harvested rainwater is an effective measure to prevent
uncontrolled surface runoff [120,121]. To avoid such water loss, productive activities, for example,
brickmaking, can be planned for the expected time of heavy precipitation.

Finally, domestic rainwater harvesting should follow the following steps: (i) collection from the
catchment area, (i1) flow through a first-flush diverter, and (iii) entering and storage in the collection tank
(water reservoir). A first-flush diverter is defined by its volume (L) and emptying time (h). Any volume
exceeding the diverter capacity is directed to the water reservoir, while the diverter is emptied into the
infiltration structure (e.g., pit, well), not into the sewer. The ideal water reservoir depicts three main features:
(1) accessible to Oz to avoid water decomposition, (i1) inaccessible to insects and small ruminants, and (iii)
opaque to light to avoid photosynthesis (algal and plant growth). For details on practical implementation,
interested readers are referred to an excellent overview article by Uppala and Dey [113]. There is also a
large number of design handbooks available [122—125].



Hydroecol. Eng. 2026, 3(1), 10003. doi:10.70322/hee.2026.10003 11 of 39

0 Roof Rainwater Harvesting @ Non-Drinking Water Storage

e Rainwater Treatment o Non-Drinking Water Usage

9 Drinking Water Storage e Infiltration to the Groundwater
9 Drinking Water Usage e Overtlow from the infiltration

9 Runoff Harvesting @ Communal Tank

Figure 3. Conceptual representation of rainwater harvesting from the roof and courtyard according to the zero-runoff approach.
Rain falling on other areas of the compound is also harvested (not shown). Overflows from all storage tanks are infiltrated or
directed to the community’s reservoirs. Own design (Huiyang Qiu and Yang Song).

5. Lessons from China

The advantages of RWH are well-documented in the scientific literature, but the information is
scattered and sometimes confusing [18,69,106,126]. There is a broad consensus that to advance the
adoption and mainstreaming of RWH, awareness-raising campaigns and pilot demonstrations are urgently
needed. This may be important to interested people who are not familiar with RWH. However, it is unlikely
that anyone will have difficulty using water once it is made available. On the other hand, the technology is
not new and has been demonstrated to be efficient at a large scale, particularly in China [81,100,127]. This
section gives an overview of the two Chinese programs that have substantially demonstrated the viability
of RWH.

5.1. The Governmental 1-2-1 Projects

Gansu province lies on the loess plateau area in north-central China. Its average annual rainfall is about
300 mm, occurring between July and September (3 months). Traditionally, people in Gansu province have
valued rainfall as their primary water source. They used to excavate clay-lined underground cisterns (up to
20 m?) to store surface runoff at the household level. During dry years, the cisterns could not be filled, and
people were forced to travel long distances to rivers or rely on governmental water trucks [127,128].
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In the early 1980s, with federal government funding, the Gansu Research Institute launched 1-2-1 water
conservancy projects. Test trials were first performed, and demonstrations and pilot projects have been
carried out since 1988. Each family was provided with one clay tiled roof catchment area (1 roof), two
upgraded cement water cellars (2 cellars), and plastic sheeting for concentrating rainwater runoff on one
field (1 field). The 2 cellars were an upgraded version of the traditional clay-lined “shuijiao” (water cellars).
Upgrading encompassed lining them with cement or concrete and adding small metal pumps [128]. These
affordable, simple, effective, and replicable approaches of the 1-2-1 project have ensured that around 2.5
million people were provided with sufficient water for household uses, but also excess water for irrigation,
resulting in good crop yields. By 2000, a total of 2,183,000 rainwater tanks had been built with a total
capacity of 73.1 million cubic metres, supplying drinking water for about 2 million people and
supplementary irrigation for 236,400 ha of land.

The Gansu experience has now been widely shared throughout China, mainly in remote and
mountainous areas. This project has also inspired a similar project in Brazil: The “One Million Cisterns
Program” (PIMC) [129-131]. The PIMC project was drawn up by a network of non-governmental
organizations and executed by the civilian society in a decentralized manner (e.g., cluster, community,
municipal). The PIMC project has supplied drought-proof drinking water to several 10,000 rural
households. Also in Brazil, a family cistern (16 m?, produced locally) demonstrates a year-round drinking
water supply solution. This water is also used during the long dry season for personal hygiene and cooking.
The PIMC project was developed during the 1990s and rapidly showed significant improvement of small-
scale farmers’ quality of life. Local and foreign NGOs have extended the project, but with a low degree of
coordination, and thus progress is slower compared to the Chinese 1-2-1 project.

The 1-2-1 and PIMC cistern projects provided a decentralized water supply solution for all families,
eliminating the need for households to travel to the typically common water point (e.g., drilled wells,
improved springs). Hygienic precautions must be observed to ensure that water is provided at a clean, easily
accessible location for all members of the family. The take-home message from this sub-section is that a
large-scale supply of cisterns for RWH is possible and has already been realized for millions of world
citizens in their semi-arid homes. Collecting and storing rainwater for household uses and food production
is a process that should be initiated and encouraged everywhere rain falls. This initiative secures drinking
water, reduces poverty, ensures food security, and thus improves the welfare of the population. It also
generates income, promotes social participation, and facilitates adaptation to climate change [132]. The 1-
2-1 and PIMC cistern projects have presented enough empirical evidence concerning their intended
economic effects.

5.2. The Sponge City Program

The Sponge City Program (SCP) was initiated in China in 2013 to address urban stormwater runoff
following heavy rainfall events [81,100]. A city should act like a “sponge” to absorb urban stormwater
(unharvested precipitation) and store it temporarily to restore the natural hydrological processes via
vegetation, soil, and water interactions [81,100,133,134]. The sponge city is thus an intelligent solution to
cope with excess urban surface water (stormwater), resulting from heavy rains, and prone to inducing floods.
In the urban hydrological cycle, the sponge city approach answers the question: Where to with stormwater?
Draining stormwater to the river as quickly as possible was wrong and inefficient, given increasing
urbanization and expected climatic extremes [ 135]. Clearly, the SCP is like blue-green infrastructure (BGI),
low-impact development (LID), nature-based solutions (NBS), and sustainable urban drainage systems
(SUDS) developed elsewhere [133,135,136]. 30 pilot “Sponge Cities” have been selected to pilot the
concept of reducing urban flood risk [81,100,133,134]. The SCP test is already in its second stage.

A sponge city, or a “water-resilient city”, effectively prevents or significantly mitigates flash floods
after heavy rainfall. Its fundamental principle involves implementing strategies such as ecological ditches,
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green belts, permeable pavements, and rain gardens to collect, infiltrate, and store rainwater [100]. This
approach reduces stormwater volume and mitigates waterlogging. The increased vegetation coverage serves
a dual purpose: (i) augmenting the rainwater infiltration (e.g., back to the pre-development stage), and (ii)
enhancing rainwater interception. In total, it is about facilitating water storage and water infiltration and
decelerating the flow of the residual stormwater. This helps eliminate or mitigate the severity of road water
accumulation [81,100]. In sponge cities, large newly constructed buildings are requested to install systems
for RWH [81]. The zero-runoff approach recommends extending this policy to all existing buildings,
including homes and residences.

The two examples show that China is at the forefront of enabling access to clean water through RWH
and safe living environments in urban areas. The two programs have played an important role in shaping
the understanding of integrated water resource management (IWRM) for sustainable development. This is
important to generate public awareness of the challenges rainwater poses to society. However, raising
awareness is not enough; taking action to mainstream RWH is the essential next step. The next section
contributes to this effort by clarifying some open issues from the perspective of the zero-runoff approach.

6. Preparing for the Application of the Zero-Runoff Approach

There are many locations around the world where RWH offers the only opportunity to develop on-site
water supplies of good quality. Hilly and mountainous locations, for example, are difficult to supply with
piped water, tubewells, and even with trucked water [112,118]. Coming from the sky and evenly reaching
all roofs (“rain falls on all roofs”) and land parcels, rainfall deserves more attention from water resource
planners and investigators. This work contributes to disseminating the sound principles of RWH while
eliminating some misconceptions in order to start a new era of RWH-based IWRM.

6.1. Water Quality

Rainwater is a relatively clean source of water, typically presenting a slightly acidic pH of 5.0-5.6, and
low dissolved minerals with a mean electrical conductivity of about 200 uScm™' [26,65]. Rainwater quality
varies with the following parameters: (i) atmospheric conditions, (ii) harvesting conditions, (iii) ocean
proximity, and (iv) storage and usage conditions [9,21,26,137—139]. The typical public perception is that
rainwater is not fit to drink and that treating it to drinking water standards is difficult [114]. [ronically, the
same people would go for treating lake, pond, river, and well water with the same technologies. However,
in the era of modern instrumental analysis, the biological and physicochemical quality of rainwater should
not rely on emotional perceptions but actual analytical testing [140—142]. It is certain that rainwater can be
polluted with a myriad of colloidal, dissolved, and suspended species occurring naturally. However, the
extent of contamination depends on the timescale of RWH. For example, rainwater collects and removes
atmospheric pollutants, which is why first-flush devices are mandatory in RWH designs [26,139,143]. This
article argues that harvested rainwater should be regularly tested and, eventually, treated before use for
sensitive applications such as domestic use [26,114,140].

Figure 4 shows the cross-sectional view of a filtration system using metallic iron (Fe’) as a reactive
material. Reactive and filter materials are selected based on rainwater analysis results. While sand and
gravel are used as filter materials for hydraulic purposes, Fe’ is chosen for its demonstrated ability to
remove pathogens and a large array of inorganic and organic contaminants from polluted waters [ 144-146].
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Figure 4. Cross-sectional view of a Fe-based filtration system for rainwater treatment. Influent water comes from a tank
harvesting rooftop rainwater. The daily drinking water need for the household can be filled in a clean jerrycan. Own design
(Huiyang Qiu and Yang Song).
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Fe’-based filtration systems for water treatment have a similar historical development like RWH. It
was commonplace in Western Europe around the 1850s; however, it later declined and disappeared to the
extent that using Fe® for groundwater remediation was perceived as a new technology in the early 1990s
(140 years later) [147-150]. Another point of similarity between Fe filtration and RWH is the abundance
of conflicting reports on their viability. While RWH treats rain as a different source of water to be pilot
tested for every new application, Fe® research tests the suitability of Fe® filters for individual contaminants
and groups of contaminants. This extreme reductionist view of both Fe filtration and RWH suggests that
something is wrong with the current scientific publishing system. In fact, scientific progress is built on
creating new knowledge from ancient establishments or innovations. How is it possible that two distinct
branches of science progress in parallel with the same fundamental oversight? It is evident that both
research communities bear the burden of incomplete literature reviews [151]. However, even in the absence
of a critical literature review, a thorough analysis of the system establishes scientific truth. In the context
of RWH, the water mass balance or the Lavoisier Principle has recalled two important facts: (i) rainfall is
the primary source of water on earth and is good freshwater, and (ii) surface runoff of rainwater (or
stormwater) can be avoided. This implies that by combining hydraulic sciences with modern engineering
tools, mankind can control the entire flow of rainfall. This operation is possible to the extent that cities and
modern villages without long-distance drainage systems are possible. Clearly, flood-free cities are possible
without intensive stormwater drainage. For example, Figure 5 shows a view of the rainwater canal at the
entrance of the Jiangning Campus of Hohai University or Nanjing (China). The whole Jiangning sub-city
is networked by such canals, which are comparable to empty beds of ephemeral rivers in semi-arid regions
with the corresponding gallery forest [13]. By implementing the zero-runoff approach, the city of Nanjing
can render these big canals superfluous and partly use these spaces for other purposes, including storing
roadside rainwater for street cleaning or firefighting. It is very important to keep in mind that roads and
streets are impervious surfaces that induce surface runoff. This road runoff can be systematically stored and



Hydroecol. Eng. 2026, 3(1), 10003. doi:10.70322/hee.2026.10003 15 of 39

used for municipal activities [97,106]. Figure 6 shows a view of a rainwater canal at a marketplace in
Bangangté (Cameroon). This canal, constructed over the last decade, is relatively new and designed to
provide adequate drainage for collected and conveyed stormwater. However, poor maintenance, in the form
of uncontrolled waste dumping, can impair the system’s functionality and increase the risk of street flooding
in Bangangté. In other words, no matter how excellent local flood management is implemented with
drainage improvement, flood embankment, flood gates, infiltration bio-pores, rainwater harvesting, and
retention ponds, some areas stay vulnerable because of poor maintenance [152]. With deficient maintenance,
drainage systems are frequently clogged by solid waste (e.g., debris, plastic bags) or sediments. There are
avoidable costs for dredging and cleaning these infrastructures (avoidable increased maintenance costs). In
unplanned peripheral neighbourhoods, stormwater flows along natural ravines. These ravines cannot
completely channel drain runoffs from heavy rain events. Stormwater becomes partly stagnant (mosquitoes
breed) and becomes loaded with various pollutants (e.g., domestic wastewater, garbage, sediments) and
represents an important risk vector in terms of human health and environment [153].

2

Figure 5. Photograph of the street canalization (stream channel) at the entrance of the Jiangning Campus of the Hohai University,
Nanjing (China). Photo taken by Chicgoua Noubactep, November 2025.
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Figure 6. Photograph of the street canalization (stream channel) at one marketplace (Marché B) in Bangangté (Cameroon). Photo
taken by Martial Kouamo Nkengne, August 2025.

6.2. Traditional and Modern Methods Working Hand in Hand

Rapid successes achieved by technological advancement (“high-tech”) around the world (e.g., large
water conveyance and distribution systems, pumping groundwater) have avoided the development of
decentralized water management systems (“low-tech”). Indigenous rainwater harvesting systems are such
low-tech-solutions [99,110]. However, “high-tech” and “low-tech” are not mutually exclusive. The
problem is that “high-tech” was opposed to “low-tech” prompt at the introduction [110]. In this context,
Clément [110] complained about the fact that deep wells and small dams were presented in the Mandara
Mountains of Cameroon as superior to shallow wells and terrace systems without any scientific proof [13].
For Clément [110], terrace systems are considered better because they infiltrate water for the long dry
season. The current work is not designed to fuel that discussion but to state that the future of water
management is an inclusive one [34,154,155]. Under specific environmental and topographic conditions,
some “low-tech” water management methods are more resilient and more sustainable than “high-tech”
systems [99,156]. The view of this communication is that it should always be possible to combine old
systems and modern technologies [157]. Moreover, it should be possible to create more effective systems
by integrating indigenous practices with modern technology [99]. For example, water can be made available
by any technology (ancient or novel) and saved during irrigation thanks to the modern drip irrigation system,
which optimally delivers water directly to the crop roots.

A common perception is that technologies for increasing water supply include (i) dew and fog
harvesting, (ii) rainwater harvesting, (iii) rainfall augmentation, (iv) wastewater recycling, and (v) water
desalination [58]. As for water conservation methods, the following can be enumerated: (i) artificial aquifer
recharge, (ii) reduction of evaporation, (iii) reduction of seepage percolation losses, (iv) reduction of
transpiration, (v) selection of crops for a more efficient water use, and (vi) use of trickle irrigation [24]. At
each individual site, the selection of the water supply technology and the combined conservation tool would
depend on their individual merit and applicability with the available resources and capabilities.
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6.3. Watershed Management Revisited

Good watershed management aims to hold rain where it falls as precipitation while protecting against
soil erosion. Various conventional technical and vegetative measures can achieve this by slowing the
velocity of surface runoff (stormwater) along its path towards the next water body [13,86]. Alternatively,
stormwater is directed into water-harvesting structures to augment soil moisture and replenish the aquifer.
However, the success of these measures is difficult to evaluate directly. The ecological, economic, and
financial improvements can only be indirectly accessed, for example, through the absence or the severity
of flooding. The success of the zero-runoff approach, on the contrary, can be assessed at the individual
household level. The questions to be answered are: (i) Has any runoff been generated within a compound?
(i1) Could the household secure enough water for its potable demand? (iii) Could the overall domestic
demand be covered? (iv) Could the residence secure excess rainwater for economic activity? These simple
questions would also help promote the management of community water-harvesting systems. Remember
that the household is the unit cell of water management (not only) in a watershed. In this perspective, it has
been an oversight to limit mandatory RWH to new, larger buildings and houses [80,81,100]. For example,
Zhou et al. [80] reported that, in 2020, Beijing, the leader in urban RWH development in China, collected
rainwater on less than 2% of its total area. Imagine the outcome if the collecting area is increased to 30%.
Beijing and other pilot sponge cities in China have selected only small urban areas for construction and
demonstration. Moreover, even in these small areas, RWH is mandatory only for large new public buildings
with roof areas or where the number of water users exceeds a specified threshold [81]. However, to be effective,
each drop must count, and small residences (e.g., roof catchments as small as 50 m? in Tanzania) cover most
urban areas worldwide. The question arises, how to involve each household in a community initiative?

Answering this question involves presenting a proposal to collect overflows from residences when they
occur and manage them for the benefit of the community and the environment. There have been several
proposals for cluster or community rainwater management [ 158—163]. Siphambe et al. [34] and Suprapti et
al. [164] summarized the available approaches excellently. Suprapti et al. [164] considered domestic RWH
(dRWH) as a costly and difficult to maintain system. A community or communal RWH (cRWH) is then
adopted as an alternative solution. Accordingly, a cRWH system channels rainwater runoff from several
roofs (e.g., in a cluster) and stores it in a communal cistern or tank. The collected water is processed and
distributed back to the households for potable and non-potable water needs. Siphambe et al. [34] suggested
a different model in which water is harvested for all uses at the residence level and only overflows are
channelled to communal cisterns or tanks. Water in communal tanks is then the excess water from the
community that can be sold or used locally for productive activities. Discharging is also an option,
particularly in humid regions where excess water could cause flooding [119]. Community tanks should also
be associated with infiltration devices to maximize aquifer recharge.

Qiu et al. [165] combined the advantages of cRWH and dRWH by considering individual dRWH
systems wherever space is available for RWH infrastructure (e.g., buildings, residences, schools), and
cRWH wherever space is lacking, for example, in slums. The premise of this work is that people living in
residences are conscious enough to operate and maintain their dRWH systems (full decentralized systems),
while cRWH systems in urban slums need centralized maintenance and control to ensure adequate water
quality. Clearly, the cRWH option is retained only for land requirements, not because of capital costs or
lack of maintenance culture.

6.4. Climate Change Resilience

The most important input variable for the dimensioning of RWH infrastructures (RWHIs) is the local
pluviometric regime (annual precipitation or rainfall data) [166—169]. The annual precipitation, the soil
permeability, the temperature variation, and the topography influence other characteristic parameters for
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the rainwater availability, including evapotranspiration, infiltration, soil moisture, and vegetation growth
[169]. To obtain accurate precipitation data, it is necessary to have rainfall data from close to the site where
the RWHIs are to be installed. Ideally, at least 30 years of data are required for a robust long-term water
management of precipitation [166,167]. However, in places that have recently implemented rainfall
monitoring, the use of shorter historical series is unavoidable [168]. Additionally, in some cases, the
consideration of climate variability over time justifies the use of a short series (e.g., 5 years) for
characterising the current climate context [170,171].

The presentation above has insisted on the fact that in many cases, groundwater depletion in urban
areas is due to non-infiltration of rainfall because of increasing impervious surfaces (e.g., roofs, roads,
streets) [172,173]. This man-made depletion can be corrected using the zero-runoff approach. In the
agricultural sector, the deterioration of precipitation regimes causes the amount of precipitation falling in
long periods to fall suddenly in shorter periods, changing runoff rates, increasing soil erosion, and causing
flash floods [174,175]. This means that the gap between water availability and demand for crops is
exacerbated by climate change [176]. In such situations, the soil water-holding capacity is expected to
decrease, and irrigation water application schedules for agricultural activities are expected to change
[174,175]. As explained above, the zero-runoff approach enables the harvesting of rainwater and makes it
available to plants on purpose. In other words, the expected hindrance to water use efficiency is already
addressed. All that is needed is to adapt and reschedule agricultural activities in form, scale, spatial, and
temporal terms [174,175]. By “creating” water, the zero-runoff approach inevitably increases the amount
of water available for rural and urban agricultural production, but also the amount of water available in
populous cities. There is more water available for all stakeholders, and thus, more room to address the many
issues attributed to an ever-growing population, climate change, rapid industrialization, and urbanization.
Clearly, the expected negative impacts of climate change on water resources can be properly addressed
despite the gradual decrease in blue water quality and quantity. It is also good to learn that in some countries,
such as Tanzania, RWH has been acknowledged in the national climate change response strategy as a means
of building resilience in water resources, wildlife, and human settlements [177]. Tanzania’s policy
framework now explicitly recognizes RWH as a climate resilience strategy [178], but while this is a strong
foundation, the enabling environment may not yet be fully adequate. Effective implementation will require
stronger financing mechanisms, institutional coordination, technical capacity, and community-level uptake
beyond policy statements. More so, rainwater harvesting through the zero-runoff approach is about
artificially augmenting the volume of blue water. This means that the very first misuse of water on earth is
the failure to harvest rainfall. Remember that RWH shapes a new landscape and contributes to creating new
local water cycles. This means that even with little consideration for the water mass balance, RWH has
already demonstrated its viability for climate change adaptation [68,106]. It appears that the zero-runoff
approach is the missing puzzle of the IWRM concept.

6.5. Learning from Small Islands

Small islands are characterized by the shortest path of rainfall to the sea. Rainfall is freshwater, whereas
seawater is saline, meaning that freshwater is quickly lost if it is not harvested in time. Typically, there is
no groundwater on such islands for two reasons: (i) the small catchment area for groundwater recharge, and
(i1) danger of salt intrusion following water withdrawal. As a result, there is not enough blue water available
on all small islands. Consequently, small islands have been relying exclusively on harvested rainwater for
immemorial times [138,179,180]. This is valid for small islands in Indonesia with abundant rainfall
[181,182] and those of the Caribbean having a semi-arid climate [41,183]. Learning from small islands
implies recognizing rainfall as a primary source of freshwater and starting to exploit it extensively, instead
of searching for reasons why harvesting rainwater would make sense or not. Rainwater is a primary source
of water, whether seawater desalination is affordable or not [138]. It has been wrong to consider RWH as
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just a reliable and cost-effective alternative for water supply. Small islands have always harvested rainwater
and reduced their water consumption using various adaptation measures, reducing water demand or water
consumption through efficiency and conservation [184,185]. From a pure scientific perspective, the global
world would have saved huge resources just by taking small islands as a model for water management. This
is because RWH is indigenous or traditional knowledge for many of these communities. This knowledge can
be optimized using tools from modern civil engineering [19,106]. The “rainwater first” approach advocated
in this work implies that rainwater is the first choice and that suitable RWH infrastructure is therefore
permanently needed, not only for emergencies [138]. The most affordable and efficient among them will be
installed on a site-specific basis. Ideally, the “rainwater first” approach should be a political decision.

6.6. Debunking the Last Misunderstanding

There is a widespread false assumption in the RWH literature about the risk of over-harvesting
rainwater, which could threaten downstream communities [186,187]. A similar discussion is performed on
whether the growth of cities decreases aquifer recharge due to an increased proportion of impermeable
surfaces [172,173]. The argument of over-harvesting rain has no scientific roots. Surface runoff is
unnecessary and is even a by-product of heavy rain events, which cause flash floods and intensive soil
erosion on a few days each year. Figure 7 illustrates this by showing changes in the rainfall partitioning as 1
ha (10,000 m?) of a farmland is progressively changed to a residential area. Data used are adapted from
Helmreich and Horn [188], regarding the semi-arid tropics of sub-Saharan Africa (average annual rainfall of
600 mm). The following partitioning is considered: rainfall (100%), plant transpiration (40%), evaporation
from soil and loss by interception (20%), surface runoff (20%), deep percolation or infiltration (20%).

Calculations were performed with increments of 400 m?, corresponding to a hypothetical allotment.
Each allotment can harvest 146.4 m? of water per year (Supporting Information—Table S1). Figure 7a
shows that the storage volume varies from 0 to 3660.0 m?, while the corresponding runoff suppression
(Runoff 1) decreases from 1200 to 0 m* (flood mitigation). The line for runoff coincides with the one for
infiltration because of the made assumptions (infiltration = surface runoff = 20%). Plant transpiration (40%)
and evaporation (20%) are not considered here. However, the results clearly indicate that storing rainwater
poses no threat to downstream communities. On the contrary, it protects them from flooding. Moreover, if
a fraction of the harvested rainwater is infiltrated, it could augment their water supply. The key feature of
Figure 7a is that if RWH is not performed (Runoff city—"“business-as-usual”), the runoff volume will
increase from 1200 to 3660 m® for each new ha of city. This represents a 205% increase relative to the
baseline, corresponding to the pre-development stage (Figure 7b). A volume of water that can cause erosion
or flooding, depending on the rain patterns (e.g., duration, intensity), the soil properties, and the topography.
Unlike the “business-as-usual” scenario, a key novelty illustrated in Figure 7 is the quantitative storage and
infiltration of rainwater.

Figure 7b shows the normalized values (%) and clearly delineates that the transformation of any
farmland to a residential corresponds to decreased infiltration and increased runoff (Runoff 2—*“business-
as-usual”). This trend is universally valid, in both rural and urban settings, from the farming field or the
residence to a watershed scale. There can be discussion on which catchment area can cause flooding or
which extend of water storage and infiltration can mitigate flooding [189,190]. But questioning the
suitability of RWH to mitigate flooding is counterintuitive and even counterproductive. It appears from
Figure 7b that, when the impervious area reaches 3600 m?, 1317.6 m® of rainwater is harvested, and the
infiltration (768 m?) equals the runoff. This site-specific point (missed infiltration = volume of stormwater
generated) may be important for stochastic modelling, but is not further considered herein.

In the normal case, rainfall is intercepted by vegetation and infiltrates into the soil, increasing soil
moisture and the groundwater table [191]. This is why artificial infiltration corresponds to “create” water
or turning surface runoff into blue water (Storage in Figure 7a). That is the scientific background for the
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technology of artificial aquifer recharge. A community relying on stormwater runoff would receive the
same amount of water, or even more, from rivers if rainfall were quantitatively infiltrated (as preconized).
The advantage of relying on infiltrated rainwater rather than stormwater is that it provides everyone with
more time to fetch water from the river. Moreover, those people would also go to the river only when their
stored rainwater is exhausted. In other words, the zero-runoff concept liberated humankind from the
pressure to overstore water in dams and to rely on centralized piped water. That is the best lesson from 50
years (1974-2024) of rainwater harvesting and application. The question is who would be willing to lead
the world out of the current valley of tears characterized by complains, punctuated by statements such as;
“There should be money for this or that, more rules for this or that”, “governments are not doing enough”,
“there is injustice”... while people are waiting in vain for clean water, their human right since 28 July 2010
[192,193]. What is needed most is action: “from niche to mainstream” [101,194]. This article has tried to
contribute to shaping more efficient actions for a sustainable world.
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Figure 7. Overview of the partitioning of rainwater infiltration and surface runoff as rainwater harvesting is practiced while
transforming 1 ha of farmland to a residential area: (a) absolute values, and (b) percent values. Data are from Helmreich and
Horn [188]. Runoff in (a) stands for decreased runoff resulting from rainwater harvesting. Runoff in (b) stands for increased
runoff resulting from non-harvesting rainwater or an increase in runoff volume.
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6.7. Rainwater for All

Rainwater harvesting is an established solution for enabling groundwater recharge, enabling
sustainable irrigation, nullifying or at least decreasing household-level reliance on piped water (raising
water self-sufficiency), resolving urban water crises, and reducing flood risk [13,18]. Based on this
knowledge, this contribution advocates a “rainwater first” approach [13,19,34,86], promoting rain as a
primary and mandatory source of water rather than a supplementary option comparable to reclaimed or
desalinated water [106,195,196]. The “rainwater first” approach implies that there is no threshold value
(lower or upper) of the annual rainfall quantity for RWH. This means that the classification of rainwater
systems according to their reliability for water supply [197] is not relevant anymore. Smet [197] identified
four types of user regimes: (i) occasional (water is stored for a few days only in a small container), (ii)
intermittent (all water demands are met by rainwater in the rainy season), (iii) partial (rainwater is used for
drinking and cooking while for other sources cover the remaining needs), (iv) full (all water for all domestic
purposes is rainwater). The full regime (“rainwater only”) is easily achieved in humid areas [ 198]. However,
it should be remembered that Brazil [131] and China [ 128] have managed to create excess water even under
semi-arid conditions, where the annual rainfall is lower than 500 mm/year. This means that the “rainwater
only” approach is possible under semi-arid conditions as well. In other words, the potential of rainwater
harvesting for water supply is immense. The “rainwater only” approach implies there is no need for any
alternative water source, making blue water a “dessert” for mankind. If the domestic water supply is covered
to 100% by RWH in an agricultural area, this makes 100% of blue water available for productive uses.
Each government should weigh whether it makes sense to support domestic RWH to secure more
freshwater for agricultural and industrial activities. “Creating” water for other stakeholders is certainly a
new argument to justify subsidies for RWH. This is because the conventional arguments for designing
RWH infrastructures are no longer valid. These arguments were based on parameters or variables like
affordable storage capacity, available catchment area, consumption rate, and number of users, presence of
alternative water sources, rainfall pattern (e.g., length of the rainy season), rainfall quantity, and water
management strategy [195,196].

Rainwater for all is secured through the availability of many affordable point-of-use water treatment
technologies, particularly biological sand filters (BSF) [199], and their numerous amended versions [200—
202]. This article has favoured metallic iron-amended BSFs for two reasons: (i) the century-old technical
expertise [144,148,149], and (ii) the commercial availability of sponge iron of controlled quality [203].

6.8. Would China Lead the Next Step?

The previous sections have shown that China has significantly contributed to the current state-of-the-
art knowledge and consciousness for RWH. This was done through two large-scale actions [133,134]: (i)
the governmental 1-2-1 projects, which have already enabled the construction of more than 7 million
cisterns, and (ii) the sponge city program, which has been running for some 12 years already. Prior to these
projects, Thailand had disseminated more than 10 million cisterns for drinking water in rural areas during
the 1970s. During the colonial period in Africa (e.g., up to the 1950s/1960s), RWH was a common strategy
for urban water supply in Africa, Asia, and South America [126,204,205]. Additionally, during the
Medieval era, about 6000 underground tanks were used for RWH for household water supply in the city of
Venice, Italy [206,207]. Back to the present day, a Dutch engineer, Paul Akkerman, has recently initiated
and largely promoted the construction of Calabash cisterns (mostly 5000 litres or 5 m? in capacity) by local
masons in more than 14 countries in Africa, Asia, and South America [116,117]. Calabash-type RWH
systems benefit low-income households across the developing world, with some 10,000 units having
already been constructed (http://degevuldewaterkruik.nl/, accessed on 27 February 2026). A Calabash
cistern is an above-ground rainwater harvesting tank characterized by its rounded, gourd-like shape,
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inspired by the calabash fruit (Figure 8). Such a cistern is specifically designed to collect and store rainwater
effectively while being cost-effective and durable for rural settings [116,117,208].

China has initiated the first modern large-scale multi-purpose RWH systems. Taking the sponge city
program as the first large-scale initiative for low-impact development is not neglecting efforts made by
other countries like Australia, Germany, Japan, Malaysia, South Korea, the United Kingdom, and the
United States of America [81,100,135]. The point is that it is more likely that China will take the next
measures to significantly increase the proportion of RWH in the model sponge cities. It would suffice to
make RWH according to the zero-runoff approach mandatory for all homes, large and small. This would
correspond to the first demonstration of the zero-runoff concept.

'nl__

Figure 8. Photograph of an Akkerman Calabash recently constructed in Feutap (Bangangté, Cameroon). Photo taken by Vanick
Fanseu (January 2026).
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6.9. The Last Barrier

The hydrologic cycle demonstrates that water is a renewable resource, but is not naturally distributed
homogenously across different spatial locations. The natural distribution of blue water depends on site-
specific characteristics like climate, soil permeability, structural geology, and topography. However, in a
small catchment area, rainfall is homogenously distributed. One popular expression for the local
homogenous distribution of rainfall is that “rain falls on all roofs”. This was translated by a wise Kenyan
into the following saying: “Catching the rain at your home saves you from following the runoff down the
hill” [209]. Using the wording of the article, the Kenyan saying can be rewritten as: “Creating blue water
at your home saves you from following natural blue water down the hill”. The question arises: Are scientists
ready to change their negative perception of rainwater and begin regarding rainfall as a precious resource
(a gift) to be harvested and used year-round, everywhere? Starting the reasoning from this point would
make the achievement of the decade-old slogan “clean water for all” immediately possible. Exploiting
rainfall for domestic and productive uses implies that the conventional centralized water supply is turned
into an alternative or a supplement. This would represent a U-turn in water management efforts. This U-
turn is urgently needed for the successful implementation of the IWRM framework. This study has shown
that the water management community has been integrating blue water for some four decades already, with
mitigated success [82,83,210]. Integrating the whole mass of freshwater (rainwater + blue water) is the path
to the sustainable world people are longing for.

Brazil and China have demonstrated for more than 20 years that a universal drinking water supply is
possible under semi-arid conditions (<500 mm/year) [128,131]. How is it possible that the viability of RWH
is continuously discussed under more humid conditions [7,12,69]? A more scientific approach would have
consisted of showing why RWH is not a solution, despite higher annual rainfall (>500 mm/year). The same
remark is valid for the quality of harvested rainwater. It has been repeatedly demonstrated that rainwater is
very easy to treat to drinking-water standards [7,74,116,117,211]. Why is the quality of rainwater still
regarded as a barrier to this affordable technology? The zero-runoff approach makes RWH mandatory in
efforts to protect populations against flash floods and safeguard soil from erosion [19,34,106]. This makes
RWH a catastrophe-relieving measure. All these arguments are universally valid, meaning that no further
demonstration is needed, not even in the form of a pilot study (proof of concept), unless something else is
coupled with RWH. For example, it is certain that RWH makes irrigation water available; testing the
optimal conditions for individual crops justifies a pilot study. Not RWH is pilot tested, but the application.
It appears that the most difficult barrier on the path to mainstreaming RWH is the wrong perception of
rainfall, which is people’s opinions, not the science of the system. The most efficient weapon against this
and other barriers is awareness campaigns at several levels, and among all stakeholders. Where necessary,
videos on success stories will support these efforts.

6.10. Ending the Sectorial Thinking

Rainwater harvesting is a very old technology whose science is well established, yet it remains
underacknowledged by many active researchers working in individual sectors (e.g., irrigation, landscape
restoration, livestock production, urban drainage, water supply). This sectorial approach has presented
many models that have subsequently been corrected or invalidated [7,195,196,212-214]. Even the One
Water Concept [59,61,215], which recognizes that drinking water, stormwater, and wastewater are a single,
interconnected resource, contains an oversight [62,216]. The common oversight of past efforts is that they
have tried to use observations to deduce models [92]. However, it is the essence of science that such
endeavours cannot be successfully carried out. Most of the models, if not all, have been invalidated by field
observations [19,34,195]. The zero-runoff approach is rooted in a single equation, distributing harvested
rainwater (Q) to several sectors (Equation (1)) (Figure 2):
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Q = QAgricuIture + QDomestic + andustry + QLivestock + QMunicipal (l)

The value of Q is fixed by three main variables: (i) the annual rainfall (in mm/year), (ii) the catchment
area (m?), and (iii) the runoff coefficient [204]. The runoff coefficient reflects the permeability of the
catchment area. Accordingly, there can be a rainwater deficit or rainwater surplus at each individual location,
depending on the goal of the stakeholders. For example, for a household, the rooftop rainwater can satisfy
only the potable needs, or both potable needs and domestic needs. Depending on the annual rainfall and the
roof size, there can be excess water for productive activities. Equation (1) is applicable everywhere (e.g.,
house/residence, rural/urban) and by everyone (e.g., citizen, homeowner, farmer). It is thus a universal
equation that should be written and discussed before any simulation effort starts. In fact, many confusing
reports in the literature originate from an ill-defined starting point. For this reason, the zero-runoff approach
suggests that the whole rainfall is captured, a fraction is stored for the uses specified in Equation (1), and
the surplus is infiltrated for groundwater recharge (Equation (2)). Groundwater recharge can be regarded
as a task of the municipality (QMunicipal) in Equation (1).

Q = QDemand + anﬁltration 2)

Equations (1) and (2) recall that the same harvested rainfall is used for all applications, including
aquifer recharge. It is just an excellent illustration of the One Water Concept [217]. Equation (1) clearly
shows that the sectorial approach is wrong and that the “rainwater first” approach is the best way to make
water management everyone’s matter and use “every last drop” of rainwater [13,86,98,106]. This is because
rainfall is quantitatively converted into blue water. Equation (1) is regarded as a novel framework for
developing sustainable rainwater management strategies for both urban and rural settings in a changing
climate. Equation (1) contains all components, as individual components can be further subdivided. For
example, Qwmunicipal €encompasses water for dust abatement, firefighting, landscape irrigation, and street
cleaning. This framework should be used to reevaluate and adapt investigations for the implementation of
the IWRM concept and guide decision-making for sustainable water management.

7. Rainwater Harvesting with Confidence

The presentation until here has described how rainwater has evolved to a “non-conventional” or “non-
traditional” water source and how the decision-making in its implementation is not straightforward. Rooftop
RWH is considered to have highly variable water quality and microbial contamination concerns [58,114].
Therefore, a uniform framework for the operation and maintenance of RWH infrastructures is needed to
address water quality concerns everywhere.

7.1. The Importance of Rainwater

Prof. George W. Reid (University of Oklahoma, USA) stated in an introduction to a talk on the history
of rainwater cistern systems: “Technology is the application of science to the resolution of a current problem”
[33]. He excellently demonstrated that RWH was, at the time (1982), a retrogressive technology because,
in earlier times, typical middle-class dwellings stored rainwater in cisterns and used it for domestic supply,
private bathing, and other purposes. Retrogressive clearly means backward. This wording of Prof. Reid is
intentionally maintained in this section to underscore the readiness to learn from history. The retrogressive
character of RWH refers to the low level of technology involved in its management, rather than to the
quality of water. From the 1980s to date, RHW has been mostly discussed as an appropriate technology or
an intermediate technology mainly for the developing world [188,211,218]. Prof. Reid continued his lecture
by drawing the parallel between energy supply and water supply through technologies from earlier times
(retrogressive technologies) that might be acceptable today. The historical path/sequence of energy supply
has been wood, followed by peat, coal, coke, oil, and then electricity [33]. Wood as an energy source lacks
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much of the convenience associated with electricity. Cisterns for water supply present a similar potential in
reduced complexity because they require no or less energy, no chemicals, and are essentially cheap. Prof.
Reid clearly stated that cisterns are “adequate for reasonable water requirements and are convenient”. The
past four decades have continued the argumentation, also in the framework of the nature-based-solution
(e.g., LID, sponge cities), to present more advantages favouring universal and even mainstreaming RHW
as summarized in this article [68,114,219,220].

The key message from Prof. Read’s lecture is that water for domestic use may be abstracted from
various points of the hydrologic cycle: (i) as roof runoff or drainage before it reaches the ground (RWH 1),
(i1) as surface runoff from ground catchment before it runs off or percolates downwards (RWH 2) into the
sewer system, (iii) as water from a compound well (groundwater), (iv) as spring water at the point of re-
emergence to the ground surface, and (v) as surface water from rivers and lakes [33]. To these natural
possibilities may be added man-made or non-traditional ones, such as (i) atmospheric and condensate
harvesting, (ii) creating or increasing groundwater supplies by induced or artificial recharge, (iii) recycling
wastewater and greywater, and (iv) desalinating seawater and brackish water [58,219]. From these eight
(08) possibilities, only two (RWH 1 and RWH 2) are always available everywhere, the sole disadvantage
being the stochastic nature of rain events. However, this perceived disadvantage was turned into a design
parameter in the zero-runoff approach. Clearly, the developing world should reassess whether it makes
sense to promote rainwater use through local skills or to spend millions of dollars on long-distance water
supply [37,66,126,221-223]. As an example, to improve the water supply of the city of Yaoundé
(Cameroon), a large project, “Drinking water supply in Yaoundé¢ and its surroundings from the Sanaga
(PAEPYS)” has been implemented. PAEPYS involved the construction of a water treatment plant fed by
the Sanaga River (100 km from Yaoundé) with a capacity of 300,000 m*/day. This number (300,000 m?/day)
reads huge and can justify the need for international expertise and funding. However, calculations
(supporting information) show that 300,000 m?/day can be harvested by 498,475 houses with a roof area of
150 m? (annual precipitation: 1628.3 mm/year). The corresponding to roof area of 74,771,233.8 m? or
7477.1 ha or 74.8 km? represents only about 42% of the urban area of Yaoundé (180 km?). Assuming
residences with 7 inhabitants each, this provides daily water for 3,489,325 citizens, which is less than the
actual population of the city (3.76 million). Considering that RWH from roads and streets is not assessed,
these results demonstrate the huge potential of RWH as a driver for self-supply in a modern city. This
potential of RWH as a stand-alone water source or the site-specific applicability of the “rainwater first”
approach is further demonstrated while fuelling the debate for the acceptance of self-supply [224-227]. In
fact, Wainaina and Barbosa [226] advocated for considering the self-supply as a “foundational, not a
complementary model” for water supply in rural households.

Summarized, rainwater has been mistakenly turned into one of the several non-traditional water sources
[68,153,219], while rainwater harvesting is, at worst, a retrogressive, but appropriate water supply
technology [33,34,211]. The need to consider rainwater harvesting systems as an integral component of
IWRM, and to bring this notion to all stakeholders, was the main reason for writing this communication
with a subtitle, ‘A handout for researchers and policymakers’. The term handout refers to a summary of
useful information to support the mainstreaming of RWH. Thus, the handout is for all stakeholders,
including scientists and municipalities.

7.2. Rainwater at the Heart of Sanitation

Mainstreaming RWH means involving all individual households. Thus, as the main catchment surface,
roofs should be maintained clean, and poor roofing should be improved. This is because the quality of
harvested rainwater is affected by the nature and the degree of maintenance of the catchment surfaces
[33,58]. The guttering system should also be maintained, and non-avoidable dirt shall be eliminated in the
first flush to be emptied in the infiltration well. The storage reservoir, for example, a reinforced concrete
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cistern, ideally receives water already free from suspended particles through sand filters built at the entrance
of the reservoir. If strained water is further filtered through Fe’-amended filters, one can always rely on the
safety of stored water. In other words, well-designed and operated RWH infrastructures made any
disinfection superfluous, because even secondary contamination is eliminated at the design phase. All these
advantages make RWH the first choice for chemistry-free and energy-free self-sufficiency in water supply.

The last interesting feature of the zero-runoff approach [19,33,34,58,93-95] is that stormwater is
eliminated at the source. In other words, self-supply through rainwater harvesting solves many
environmental problems, including avoiding erosion and flooding, and reducing point-source pollution.
Rainwater that is harvested and used can be recycled and reused for non-potable applications like car
washing, dust abatement, and irrigation. Any reduction of the need for “original rainwater” is equitable to
a new water source. Thus, similar to channelled blue water in the conventional centralized water supply
scheme, rainwater should be placed at the top of the pyramid of water-reuse cascades. Section 7 has recalled
that RWH unifies ancient and modern approaches to water management. The long history of RWH has
identified the optimal conditions for the sustainable application of the “cistern” technology [19,33,34,37,66].
The time for action has come.

7.3. Economic Aspects of RWH

Economic viability has long been considered an important parameter for deciding whether to adopt
RWH or not [228,229]. The total costs of RWH infrastructures (RWHIs) can be divided into investment
costs (e.g., materials procurement and installation services) and operating costs (e.g., maintenance,
pumping). Investment costs are often the main economic barrier to implementing RWH in developing
countries. However, the discussion until now was rooted in RWH as an alternative water source, and its
affordability was discussed in terms of demand for non-potable water, for instance. Clearly, making water
tariff a key factor in discussing the economic viability of RHW is non-intuitive. The net result has been that
a semi-arid country like South Africa has declared RWH to be economically not viable [230,231]. The
Economic viability is also often analyzed based on how long it takes to attain return on investment [229].
In this context, Khastagir and Jayasuriya [232] reported that the return on investment in areas with low
precipitation (<450 mm) is affected by the water tariff. For the zero-runoff approach, RWH should be
mandatory; the question is then how to assist low-income households to implement RWHs? Clearly, for
the length of return on investment, time is not an obstacle to spreading RWH anymore. The government of
China has subsidized RWH in many regions [81,100,233], and those regions were more successful in RWH
than others [229,233]. RWHIs bring benefits to society and the environment, and these benefits are difficult
to express in monetary terms only.

According to Petit-Boix et al. [234], RWH is an attractive measure as a source of water, especially
during dry seasons, such as drought, as this system has a low implementation cost, simple construction, low
energy consumption during the stage of use, and requires slight treatment to use water for non-potable
purposes. In addition, during dry seasons, the price of water becomes higher, but the payback from this
system can be attained in a longer period, as it is at the residential level [235]. The RWHS viability is
associated with the price of water from the central water supply system, its considered lifespan, and the
implementation site features, such as the amount of rain (rainfall data). Other benefits of RWHIs include
(i) erosion and flood mitigation, (ii) increasing local water security, and (iii) reducing electricity use and
greenhouse gas emissions. These key aspects have been included in the system’s feasibility analysis since
the 1990s [37]. The reduction of the volume of stormwater runoff and associated problems has also been
discussed as advantageous for the adoption of RWHIs, with the storage capacity being a key design
parameter. The zero-runoff concept relativizes the soundness of this argumentation since there should be
no more quantitative stormwater to cope with.
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Finally, rainwater quality issues are the remaining acceptable argument against RWH according to the
prevailing paradigm [228]. However, harvested rainwater must not be used as drinking water. In other
words, while drinking harvested rainwater is optional, harvesting rainfall is mandatory. Arguments like
lack of technical knowledge about RWHIs have been eliminated by several successful projects in the most
remote rural areas of developing countries [49,87,116,117,236]. At the end of the day, the challenge is to
accept the U-turn and use the many advantages of the zero-runoff approach for humankind and the
environment. Regulations and subsidies are definitely the most effective ways to implement RWHIs
everywhere and facilitate its mainstreaming worldwide.

7.4. Outlook

Conceptually, research on RWH lags behind practical accomplishments [33,37,66,211,237]. The major
issue of future research should be to provide a sound scientific basis for the site-specific optimal application
of RWH techniques. Various factors influence the successful implementation of RWH, including
geographical features (e.g., annual precipitation), land cover, and land use. In contrast, very few studies
have directly linked annual precipitation with specific purposes; fewer still focus on how much water can
be collected from the roofs and roads and used for non-potable demands. Effective point-of-use water
treatment technologies are also available but have not been considered while considering rainwater quality
as a limiting factor for mainstreaming RWH [114]. Future research should focus closely on the applicability
of the zero-runoff approach to provide site-specific, feasible solutions.

The zero-runoff approach, like the terrace system [13,112], is only efficient when many citizens adopt
it and regularly maintain it. Improper management, or partial subsequent abandonment of RWH according
to the zero-runoff approach, may result in sudden flooding, for example, when cisterns are permanently full
[119]. Proper management and maintenance of the RWH infrastructures (RWHIs) in perpetuity should
therefore be taught as a central feature for sustainable RWH systems. Therefore, future studies should
consider the following for maintaining RWH in perpetuity: (i) maintenance and repair of the RWHIs, (ii)
controlling systems to monitor and document the functionality of RWHIs and water quality, and (iii)
introducing rainwater harvesting into the scholar curriculum, particularly in developing countries [238].
Additionally, the legislation must introduce mandatory RWH at all scales, and special funds should be
provided to support the installation of cisterns to incentivize improved RWH practices. Finally, there is a
need for knowledge provision from universities and policy framers regarding RWH to the local farmers
about sustainable water management practices. It is anticipated that this approach will revolutionize
integrated water resource management and help in promoting ecological, economic, and social development.

8. Conclusions and Recommendations

The past four decades have witnessed rising shortages of freshwater and safe drinking water, and have
called for collective emphasis on integrated water resources management (IWRM). However, conventional
IWRM practices are limited to redistributing blue water (groundwater and surface water) among all relevant
stakeholders. Considering blue water as rainfall harvested by nature, the conventional IWRM has been a
pure “mining” activity. This study has introduced the zero-runoff concept as a tool to purposefully harvest
rainfall and store it in local reservoirs (e.g., cisterns, lakes, ponds, tanks) or infiltrate it into the aquifer. This
corresponds to “creating” water because rainfall is directly transformed into blue water stored in artificial
reservoirs. RWH increases crop production, provides drinking, household, and sanitation water. Water for
commercial, industrial, and livestock purposes can also be secured. This makes rainwater a potential stand-
alone technology for domestic water supply. In all the cases, the new slogan should be “rainwater first”,
meaning that blue water is sought only in case of deficit. Taking the zero-runoff concept as the new compass,
initiatives to mainstream RWH are urgently needed. Policies, legal directives, and governmental budgets
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designed for promoting IWRM should be adapted and realized. There is no doubt that the perceived water

scarcity will be transformed into hard scientific facts, while considering “created” water. The water quality

issue is easily addressed using frugal technologies such as Fe-based filters. It is about making decentralized

systems the rule for water management, while using local resources and manpower.
To stimulate the further development of household RWH to the extent that water management becomes

everyone’s business, more attention needs to be paid to:

e Coupling traditional knowledge and modern engineering knowledge to design the most efficient and
affordable solutions to harvest rainwater according to the zero-runoff concept.

e Share knowledge and experience on all aspects concerning the healthy operation and maintenance of
RWH infrastructures (RWHISs).

e Mainstreaming the implementation of RWHIs into development projects, national strategies, and
action plans.

e Encouraging coordination and collaboration among stakeholders, particularly regarding the hygienic
maintenance of RWHIs.

e Assuring effective decentralization and good governance by regularly offering capacity building and
training, as well as regularly organizing awareness campaigns.

e Making decentralization of water supply and water treatment a part of the curriculum since elementary
school.

Supplementary Materials

The following supporting information can be found at: https://www.sciepublish.com/article/pii/944,
Table S1: Changes in rainfall partitioning (infiltration and runoff) as 1 hectare (10,000 m?) of farmland is
transformed into a residential area.
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