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Highlights
What are the main findings?

e  The study demonstrates that mitigation and adaptation strategies to climate change already
adopted for energy resources in buildings and cities can have parallels in relation to water
resources, translating into a contribution with high potential for sustainability and resilience in
the urban environment. This will be the case, for example, of Nearly Zero-Water Buildings
(NZWB), equivalent to Nearly Zero- Energy Buildings (NZEB), which allow for a very
significant reduction in water consumption in buildings through combinations of efficiency
measures, greywater reuse, rainwater harvesting, and alternative local sources.

e The development of solutions similar to Renewable Energy Communities (REC), widely
promoted in Europe, such as Urban Water Communities (UWC), significantly increases the
redundancy, flexibility, and resilience of the urban water system, being a decentralized
alternative to traditional centralized supply and drainage systems.

What are the implications of the main findings?

e  Decentralised and circular water strategies can substantially strengthen urban water resilience,
reducing vulnerability to droughts, climate-change impacts, and failures in public supply
networks. The article highlights that these strategies “can substantially contribute to sustainable
and climate-adaptive smart cities”.

e  Implementing NZWB and UWC models requires regulatory adaptation, governance innovation,
and integration with existing infrastructure, signalling the need for new policy frameworks and
technical standards.

Abstract

Urban water systems are increasingly challenged by climate change, population growth, and
resource scarcity, requiring a shift from centralised, supply-oriented models to decentralised,
resilience-based approaches. While energy transition policies have successfully promoted Nearly
Zero-Energy Buildings (NZEB) and Renewable Energy Communities (REC), similar concepts for
water management remain underdeveloped. This study proposes adapting these energy-based
frameworks to the water sector through the concepts of Nearly Zero-Water Buildings (NZWB) and
Urban Water Communities (UWC). A structured literature review is combined with a quantitative
water balance analysis to evaluated the potential for reducing potable water demand through
efficiency measures, greywater reuse, rainwater harvesting, and alternative local renewable sources.
Results indicate that potable water consumption in residential buildings can be reduced by 53-100%
depending on system configurations and local resources availability. Extending these strategies from
building-scale solutions to district scale through water communities enhances system redundancy,
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flexibility, and adaptive capacity. The study further discusses the integration of decentralised water
systems with smart city frameworks, highlighting the role of hybrid infrastructures in improving
urban resilience. The findings demonstrate that decentralised and circular water strategies can play
a key role in enabling sustainable, climate-adaptive, and smart urban environments, while also
identifying regulatory and governance challenges for large-scale implementation.

Keywords: urban water resilience; nearly zero-water buildings; urban water communities; smart
cities

1. Introduction

Water is a constantly renewed natural resource, but its availability is under increasing pressure
[1,2]. It is well known that the growth of the world’s population and industrial development are
factors contributing to the reduction in the availability of fresh water in many countries, in terms of
quantity and quality, affecting, in particular, human consumption [3,4]. However, the impact of
climate change must also be increasingly considered in this context, since in some regions of the
planet it is already the leading cause of the reduction in available volumes of freshwater in the
terrestrial water cycle and of changes in natural regimes, exacerbating droughts, incrementing the
intensity and frequency of extreme rainfall, and potentially causing increased pollution or
salinization of aquifers [5-9].

For these reasons, establishing strategies for water resilience is becoming imperative in many
countries. In Europe, in particular, which is being progressively affected by climate change, especially
in southern countries, the European Commission recently developed a Water Resilience Strategy,
aiming at restoring and protecting the water cycle, securing clean and affordable water for all and
creating a sustainable, resilient, innovative and competitive water economy in Europe. This strategy
was launched in June 2025, in the form of a “Communication from the Commission to the European
Parliament, the Council, the European Economic and Social Committee and the Committee of the
Regions” [10].

In the urban sector, strategies tend to focus primarily on the supply side (and the European
strategy is no exception), proposing management measures for supply systems while forgetting that,
in reality, buildings can be part of the solution. Regarding other resources, such as energy, this global
vision already exists, essentially aimed at reducing emissions and contributing to increased resilience.
Indeed, strategies such as the creation of local hybrid energy systems, for example, integrating
existing urban infrastructures with decentralised solutions based on renewables, promote
progressive resilience in the face of emerging challenges.

Taking Europe as an example, legislation already exists for the self-generation of renewable
energy in buildings. This practice is expanding rapidly, aiming to achieve zero-emission buildings
(ZEB) by 2050, requiring energy renovations and the integration of renewables. 2030 targets include
49% renewables in the building sector and the mandatory installation of solar panels in new
buildings. The zero-emission buildings (ZEB), which the EU intends to implement from 2028, will be
an evolution of the current well-known Nearly-Zero Energy Building (NZEB) concept, implemented
in 2020, seeking to establish a more rigorous and comprehensive standard for decarbonization [11-
13].

Furthermore, other solutions, such as Energy Communities, which the European Commission
cites as citizen-led initiatives that contribute to the energy transition, increase efficiency in urban
environments. In the current European regulatory framework, there are two approaches associated
with energy communities: Renewable Energy Communities (REC) and Citizens’ Energy
Communities (CEC). The former are the most interesting in this context, as they focus on local and
shared renewable energy projects. At the same time, CEC is a broader EU concept for local energy
sharing (renewable or not), potentially focused on economic benefits.
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Regarding Nearly Zero-Energy Buildings (NZEB) or Renewable Energy Communities (REC),
it'’s easy to draw analogies for water. Indeed, in the same way as for energy, Nearly Zero-Water
Buildings (NZWB) and Urban Water Communities (UWC) can be considered, the latter from a
decentralized management perspective at a district level.

This study contributes to the existing literature in three main ways:

a) Formalizing the concept of Near Zero Water Buildings (NZWB) as a parallel to solutions adopted
for energy;

b) Introducing Urban Water Communities (UWC) as a scalable model for decentralized water
management at the district level;

c) Providing a quantitative assessment of the water savings potential associated with different
technological configurations.

2. Materials and Methods

For the development of this article, a bibliographic search was conducted on the concepts of
Nearly Zero Water Buildings and Urban Water Communities (or district-scale water management),
but the scientific references obtained revealed a minimal number of articles [14-18], unlike what
happens with Nearly Zero Energy Buildings (NZEB), for which an extensive list of references is easily
found. This result demonstrates that these concepts of NZWB and UWC, despite being very
important and well-developed in terms of their energy parallels, are still relatively novel and have
not received due attention and analysis from the scientific community.

However, several articles have been published on the issue of urban water resilience and its
relationship with the decentralization of urban water systems [19-27], which were also analysed,
given that the concept of decentralization is implicit in UWC, although they are not necessarily
analogous concepts. Some publications related with water resilience and sustainability in urban
environments were also analysed [28-39].

Given the link between water and energy, it was expected that water conservation or water
efficiency measures in buildings could be referred to in the context of contributions to reducing
energy consumption in buildings, allowing for more information of interest for the present article.
However, most studies on NZEB and REC focus exclusively on solutions to reduce grid energy needs
through improved thermal insulation, energy self-sufficiency, increased efficiency of use, etc.,
without addressing possible interconnections with other resources, such as water [40—42].

Despite the link between water and energy, the development of this article took into account
that, for water, there may be different minimum quality levels depending on the uses in urban areas,
a situation that does not occur for energy [43]. Thus, consumption balances were carried out, based
on specific bibliography, seeking to relate quality requirements with quantity requirements in
buildings.

The methodological approach adopted in this study thus combines three complementary
components:

a) Structured literature review, focusing on urban water resilience, decentralised systems, and
analogies with energy-based frameworks (NZEB and REC);

b) Quantitative water balance modelling, based on representative consumption values
(L/person/day), allowing the estimation of potable water reduction potentials associated with
different technical solutions (efficiency measures, reuse, and alternative sources);

C) Analysis based on a typical scenario, in which Near-Zero Water Building (NZWB) and Urban
Water Communities (UWC) configurations are evaluated in terms of their potential contribution
to reducing dependence on centralized water supply systems.

This approach enables a systematic assessment of the technical feasibility and resilience
contribution of decentralised water strategies, while providing a replicable framework for future
applications at building and district scales.
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3. Results

The results presented in this section should be interpreted as representative scenario-based
estimates, providing an order-of-magnitude assessment of the potential impact of decentralised
water strategies, rather than exact predictions for specific case studies.

3.1. Adaptation of Strategies Already Implemented for Energy

As mentioned earlier, taking Europe as an example, it is possible to identify two strategies
already implemented in the energy sector that aim to increase emissions reductions and resilience,
particularly in urban areas. The first strategy concerns the creation of a legal framework for the self-
production of renewable energy in buildings. This practice is expanding rapidly, driven by EU
directives such as the EPBD (Energy Performance of Buildings Directive). The other relevant strategy
in the context of this article concerns Renewable Energy Communities (REC), which aim to support
local and shared renewable energy projects in accordance with EU Directive 2018/2001 [11-13].

The concepts of Zero-Energy Buildings and Renewable Energy Communities can be adapted to
resources beyond energy, such as freshwater, to reduce consumption of drinking water from the
mains and to increase the water resilience of urban environments. It is important to highlight that the
concept of Zero Buildings (ZB) in terms of resource use is generally linked to circular use. Still, when
energy and water are analysed, some differences emerge.

In the case of energy, Zero-Energy Buildings do not imply a circular use of the resource, but
rather that the total energy used by the building is approximately equal to the amount of renewable
resources produced or available locally. Regarding water, part of the resource can be used effectively
in buildings through recycling or reuse. Still, alternative renewable sources, such as rainwater, can
also be considered. In any case, the priority measure to increase urban resilience should always be
the reduction of critical resource consumption, through conservation measures and greater efficiency
in their use [17].

3.2. Nearly Zero-Water Buildings (NZWB)

For the development of an NZWB building, the 5R principle can be used: Reduce consumption,
reduce losses and waste, reuse water, recycle water, and resort to alternative sources (rainwater, etc.)
[17]. The first R—Reduce consumption, includes the adoption of technical measures (efficient
products and devices), awareness actions or even economic measures, without compromising user
comfort, public health, or the performance of building networks. The second R—Reduce losses and
waste—can involve interventions such as monitoring losses in building networks and devices
(flushing toilets, garden watering, etc.) or installing hot-water circulation and return circuits.

The third and fourth Rs—Reuse and Recycling of water —are essential measures for the design
of NZWB and are distinguished by the fact that reuse is a serial use and recycling is the reintroduction
of the same water at the beginning of the building circuit, in both cases after appropriate treatment.
Reuse of greywater in buildings has developed in recent years, especially for flushing cisterns and
watering, with effluents from baths and washbasins being reused. Recycling has also been
considered, but essentially at the industrial level. The use of wastewater treatment plant (WWTP)
effluents has also been considered for agricultural use, such as irrigating golf courses or
washing/cleaning public spaces. However, this use is generally not of interest in buildings, given
other options that generally exist [38,39].

The absence of water consumption from the main, which is the ultimate goal of Zero-Water
Buildings, presents significant limitations, given that, as a rule, buildings require water of drinking
quality for consumption. While its production at a local level from used water or alternative sources
is technically feasible, it is only economically viable in certain situations.

The use of water-efficient products can significantly reduce water consumption from the public
network in buildings. Studies by the European Commission, for example, show that consumption
can be reduced by around 30% compared to the current scenario simply by the widespread adoption
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of more efficient building products (the first R), a very relevant value with significant implications
for increasing resilience in the urban environment.

Considering a consumption of 110 litres per inhabitant per day, which is the United Nations
estimate for basic human needs and also a regulatory standard for new sustainable housing in
countries such as the United Kingdom [44], Table 1 presents a water balance of the quantities needed
for each specific use and the effluents produced in a standard dwelling, from a greywater reuse
perspective [45]. This table presents average reference values that, naturally, may vary depending on
several factors, such as consumption habits, the presence and size of a garden, and climatic
conditions. However, it constitutes a general reference standard, considered adequate for this study.

Table 1. Water balance in residential buildings with efficient devices (average values in litres per inhabitant per

day) [45].
Destinati f t
Volumes and Greywater estimation o gre).rwa e
. Water use . (after regeneration
water quality production
treatment)
40 litres .
52 litres for showers, bathtubs and 40 (to 38; litres Oft
of drinking wash basins regenerated greywatet
- ) for reuse
water 12 litres 70 litres
for kitchen of greywater
5 litres for cleaning 12 (to 30) litres of
40 (to 58) litres 13 li.tres ‘ greywater discharged
f recenerated for the washing machine
© ‘%vater 35 litres 35 litres 35 litres of blackwater
for flushing cisterns of blackwater were discharged
5 litres for watering - Soil infiltration

Table 1 also allows assessment of potential rainwater consumption in the building, given that
this use is competitive with regenerated water consumption [46]. Looking at the table, it can be
concluded that the possible reduction in potable water consumption, which is equivalent to the
potential for water reuse in the building, will be between 40 and 58 litres per inhabitant per day.

In addition to greywater reuse, global wastewater recirculation (including blackwater) can be
considered after appropriate treatment. However, it requires more stringent treatment and sanitary
control requirements, which usually reduce its viability. Within the context of renewable water
sources, several options can be considered, with varying treatment requirements depending on the
intended uses at the site. Some of these sources are listed below, which, as is evident, may not be
available in all locations.

. the use of seawater in coastal buildings, desalinated or not;

e  the use of groundwater (when access to renewable aquifers is possible);
° the use of air conditioning condensate;

e  the capture of atmospheric water;

e  the use of foundation drainage water;

. stormwater harvesting;

This list is not exhaustive, and other local sources may be included. Thus, without prejudice to
the possible existence of other solutions besides those mentioned above, this article will focus on
replacing the public supply of potable water with the alternatives mentioned, in a technical and
quantitative approach, without developing complementary aspects such as maintenance and
operating costs of the facilities, energy consumption, technical and economic feasibility in each
particular situation, etc. whose complexity only allows for a case-by-case approach [18,47,48].

In the case of rainwater (and stormwater) harvesting, it is necessary to consider the irregularity
of rainfall and, in some regions, the potential need for supply from other sources during critical
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periods. However, it is important to highlight that rainwater harvesting in buildings has other
beneficial effects, such as mitigating flood peaks in urban environments. [49-52]. On the other hand,
introducing reuse or recirculation in buildings can have negative consequences for existing public
sewage systems due to reduced flow [47].

In addition to the feasibility of producing the necessary water volumes locally as an alternative
to public supply, aiming to increase water resilience in urban environments, the set of factors listed
above should determine, in each case, the choice of the most appropriate solution [47,53]. Taking into
account the values in Table 1, the previously mentioned alternative solutions, and the fact that
different building uses require different levels and qualities of water, Table 2 was constructed. This
table summarises the potential to replace potable water from the mains for the scenarios considered
most practicable. The table does not include some sources whose use, for most applications, is rarely
considered nowadays because less costly alternatives pose fewer health risks or are available in many
situations, as is the case with wastewater, stormwater, or air conditioning condensate.

Table 2. Potential to replace mains drinking water in buildings with alternative sources or water reuse (for a

reference consumption of 110 litres per inhabitant per day).

Global Reduction in
reduction in water

. Volumes .
Source Possible uses " .., water consumption
per capita .
consumptio from the
n main
Atmospheric water Kitchen and wash basins 17 L - 15%

Washing machines, toilet
Rainwater harvesting flushes, small waterings 58 L - 53%
and cleanings

Washing machines, toilet
flushes, small waterings 58 L 53% 53%
and cleanings

Greywater use after
regeneration

Washing machines, toilet
Rainwater harvesting flushes, small waterings

with simple treatment and cleanings, showers »L ) 85%
and bathtubs
Purified rainwater All 110 L - 100%
Saltwa.ter (not Toilet flushes 35L - 32%
desalinated)
Desalinated saltwater All 110 L - 100%
Groundwater or ~ Washing machines, toilet
foundation drainage flushes, small waterings 58 L - 53%
water and cleanings
Groundwater or ~ Washing machines, toilet
foundation drainage flushes, small waterings o
1 . 93 L - 85%
water with simple  and cleanings, showers
treatment and bathtubs
Purified groundwater
or foundation All 110L - 100%

drainage water

3.3.  Urban Water Communities (UWC)

Just like renewable energy communities (REC), urban water communities (UWC) can contribute
to more resilient and sustainable urban water systems. These communities (also called district-scale
water management systems) extend NZWB solutions to city neighbourhoods or districts [14,18].
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Table 2 shows that, with reuse and the use of alternative local sources, such as rainwater, there
may be a surplus of available water compared to water needs. This surplus can be managed and
stored in central tanks, where it can later be used for:

a) Supplying non-potable water to buildings with a local availability deficit (for irrigation, flushing
toilets and/or washing machines);

b) Irrigating urban green areas;

c) Cleaning/washing public spaces (streets, etc.);

d) Supplying blue infrastructure and/or recharging underground aquifers;

e) Establishing reserves for fighting urban fires.

Figure 1 schematically illustrates an example of an urban water community. In the figure, only
greywater and rainwater were considered as alternatives to the water main, but, considering Table 2,
other local sources could eventually be added to the buildings, such as drainage water from the
foundations.

One of the requirements of the concept shown in Figure 1 is the presence of separate drainage
systems for greywater and blackwater, as well as individual water supply pipes in the buildings for
potable and non-potable water. As with energy in Renewable Energy Communities, these
communities generally need to translate into hybrid systems, maintaining some potable water supply
from the water main and connections to public drainage ant treatment systems. These networks are
not represented in Figure 1 for better readability. However, considering the feasibility of NZWB, it
can be concluded that UWC without any external connection to public water supply or drainage
systems will be equally technically feasible.

RAINWATER- RAINWATER- RAINWATER-
HARVESTINGY HARVESTINGY| HARVESTINGY|

GREYWATER-
REUSE1

W

GREYWATER:
REUSES|

@

GREYWATER-
REUSEY]

Zel

Wos I I i
118 LB SO, Rl
EXCESSY EXCESSY EXCESSY
— p— — COMMUNITY-
TANKSY|
— [

IRRIGATION-OF- CLEANING-PUBLIC SUPPLY-OF-BLUE- WATER:RESERVE:
URBAN-GREEN- AREASY] INFRASTRUCTURE- FOR-FIGHTING-
AREASf] AND/OR-AQUIFER- URBAN-FIRESY
RECHARGE]

Figure 1.—Schematic representation of an Urban Water Community.
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As is evident, numerous configurations are possible, depending on local renewable water
sources. Whatever the solution, the resilience of the local urban system is obviously far superior to
that resulting from the sole supply of water from a public network. The numerous possibilities for
alternative sources and the balance that can be made, based on cisterns, of needs/availability in each
building and in public uses, allow for increased resilience in dealing with drought events or failures
in the public network.

Water retained in public infrastructure can also be considered in the model. This is the case, for
example, with the integration of retention basins, the use of test water from fire suppression systems
in some large public buildings, the utilization of stormwater collected in large parking lots, etc.

4. Discussion

Regarding NZWB, there are some considerations based on Table 2 [18,44,46]:

a) It is assumed that the reference value or global per capita consumption considered, of 110
L/person/day, already takes into account the use of efficient equipment in buildings. As mentioned
earlier, the use of efficient water-using products (WuP) in buildings should be the priority measure
for water conservation, as consumption reductions can reach 30% compared to conventional
scenarios (at least in Europe).

b) Regarding atmospheric water, its use was considered limited, given that the equipment
available on the market for domestic use generally does not exceed a production of 20 to 30 litres/day.
The production of air conditioning condensate follows a similar process, allowing for the availability
of larger volumes, and, in its origin, is similar to distilled water. However, this water is not always
readily available and, within the production and collection circuit, can be subject to significant
physical-chemical and/or biological contamination by heavy metals, Legionella, etc.

c) Regarding the use of rainwater, it is considered that there are no volume limitations,
regardless of the rainfall regime, even with significant monthly variations. This premise assumes that
the system can be equipped with a cistern of adequate dimensions, enabling a balance between
availability and demand throughout the year without excessive retention periods, which can last up
to 3 months, according to some technical documents.

d) Rainwater harvesting and greywater reuse are generally competing uses; therefore, in many
situations, it is not justified to do both. However, in the case of watering extensive gardens, for
example, both uses may be justified simultaneously. For some uses, rainwater may not require
treatment, unlike greywater.

e) Groundwater extraction may be subject to specific regulations in many countries, but the use
of foundation drainage water can be fascinating. Given that it may be an inherent need of the
building, its use can have a low marginal cost. However, it is not always available, and its quality can
vary widely. With good filtration in thick, porous layers of soil and rock (such as sand, gravel, or
sandstone), which act as physical and biological filters that retain organic impurities, groundwater
quality can be excellent. However, the existence of nearby polluting sources (or proximity to the
groundwater) can significantly alter its quality. In some regions, the use of foundation water requires,
for example, analyses of Volatile Organic Compounds (VOC), which can remain and persist in
groundwater;

f) Utilizing stormwater requires more complex treatments than rainwater harvesting and, as
with foundation drainage water or groundwater, can lead to significant pollution depending on the
level of pollution in the pavements where it flows.

g) In buildings, the use or recirculation of wastewater (with blackwater) requires advanced
treatment, generally using membrane filtration and reverse osmosis. However, in urban areas,
constructed wetlands can be considered, which can simultaneously support wastewater treatment
and make cities greener, reducing water consumption from mains.

The foregoing considerations reveal directions for future research. They also show that this is a
very broad research domain, requiring articulation, dialogue, and integration between different areas
of knowledge and scientific fields.
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With regard to UWC, the difficulties in development are revealed, from the outset, in the
complexity of the engineering approach. It is necessary, for example, to assess the needs of each
building, determine the available local renewable sources and their potential contribution, determine
the treatment requirements for each intended use and assess the characteristics of the collected or
reused water, as well as the best combination of solutions from a technical-economic point of view.

However, at the current level of knowledge, there is already sufficient experience to develop
these communities, and their implementation could likely promote the development and
commercialization of new technologies. But it will certainly require changes in governance models
[54] and the drawn up of new technical regulations. The first factor, in particular, could create
resistance to the implementation of UWC, given that existing governance models, focused on
centralized solutions, are generally well established, as well as the inertia that could exist in the
profound alteration of the numerous laws involved.

The implementation of NZWB and UWC concepts can be significantly enhanced through their
integration with smart city technologies. Digital monitoring systems, including IoT-based sensors,
enable real-time tracking of water consumption, leak detection, and quality control at building and
district scales.

In addition, data-driven management platforms and digital twins can support predictive
analysis, optimisation of storage and reuse strategies, and adaptive responses to climate variability.
These tools allow for dynamic balancing between supply and demand, increasing system efficiency
and resilience.

Furthermore, the integration of decentralised water systems with other urban infrastructures,
such as energy and data networks, contributes to the development of holistic and interconnected
smart city ecosystems. In this context, NZWB and UWC can be seen not only as water management
solutions but also as key components of future smart and resilient urban systems.

5. Conclusions

Currently, conventional urban water supply systems are based on the premise that supply can
continually be expanded to meet demand, promoting large centralized systems. However, the social
and climatic changes we have witnessed in recent decades, and the need to increase water resilience
in urban environments, require an urgent paradigm shift, with demand management rather than
supply management, rethinking the scale of infrastructure, and emphasising the importance of local
alternative sources.

Regarding NZWB, their technical viability has been confirmed, and Table 2 shows possible
alternative renewable sources that can be considered, which clearly translate into greater resilience
and a significant contribution to greater sustainability in resource management. For example, using
rainwater with simple treatment (to achieve bathing water quality) and atmospheric water can easily
meet 100% of a building’s consumption. The same objective can be achieved with commercially
available water purification equipment (domestic water treatment plants for low-pollutant loads)
that can operate on rainwater (or groundwater), or even desalinated seawater.

Regarding urban water communities, these are clearly more resilient solutions that contribute to
more sustainable water use. However, these communities imply a significant paradigm shift from
conventional solutions, introducing new technical solutions into the systems and altering the
relationships between consumers, management entities, and the urban environment. Their
implementation will not be without significant resistance, as it requires new economic, social, and
governance arrangements and the publication of new regulations and legislation.
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