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ABSTRACT

Many cities have grown too fast and too far from their
centers. The number of residents has grown faster
than the urban planners had predicted. As a result, the
total daily water consumption of all residents in a city
has reached a record high. Years of climate change
have also fundamentally altered precipitation
patterns that had remained fairly stable for centuries.
Today it is no longer possible to make reliable
predictions regarding the occurrence of rainfalls of
certain magnitudes. The previously efficient systems
for collecting and storing rainwater — for decades the
backbone of urban water supply management — have
become completely inefficient. Even now, clean
usable water is scarce. Ground water is extracted
from beneath the earth’s surface and surface water is
allocated from rivers, lakes and other surface water
bodies on land. But these too are being depleted at an
alarming rate with consumption increasing at a rapid
pace.In addition, large amounts of untreated
wastewater are continuously discharged into the
environment by the growing amount of sewage from
cities and towns. This large amount of wastewater
further pollutes the remaining clean water resources
of'the cities.The large networks of underground water
supply pipes that were installed decades ago are also
approaching the end of their useful lifespan. Many of
these have leaks that flow all year round losing large
quantities of potentially useful drinking water. The
older style water treatment plant that is currently used
to treat sewage to drinking water quality also has a
number of inherent limitations with the plant’s
treatment capacity being unable to deal with current
water demand letting the city as a whole
down.However, problems large and small are
accumulating, and pressure on the current urban
water supply management is increasing, to the point
where the old system is on the brink of collapse.
Many years of experience with water supply
management have led to the development of a whole
range of measures and frameworks, but they are
unable to withstand the increasing pressure of current
problems.The study is at the preliminary conceptual
stage and aims to investigate a category of solutions,

denoted as bio-hydro systems, which seem to offer an
environmentally friendly and sustainable strategy to
address water management challenges.
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I. Introduction

Water resources are increasingly coming
under pressure in cities across the globe. The
established high-energy-water systems that are
already failing to cope with changes in the
hydrological cycle brought about by climate change
are, once again, under additional stress. In densely
populated urban environments these long-established,
centralised water systems are struggling to deal with
a host of emerging problems including a decrease in
the quantity of usable clean water, water pollution
and increased run-off during high rainfall events that
cannot be stored or released. The weaknesses in
existing water systems are increasingly exposed and
need to be addressed (Nwokediegwu et al., 2024).

Here, a set of measures can be implemented
at the site of urban infrastructure, to counter peak
water flow and water quality, and are able to be
designed to and operate within a wide range of urban
situations. In combination with the established,
traditional, grey water based urban water
management systems these measures create a
resilient, water recycling-based water management
system for cities that is able to withstand a range of
urban crises and to function in the long term (Ahmad,
2025). Water systems that operate on a completely
biological basis, using natural water processes to treat
water, can offer a number of solutions to some of the
current flaws in traditional urban water management
systems (Ghorbani & Renning, 2025). To utilize
these natural water processes, a layer of green above
the existing grey water infrastructure can be created,
and as such the green water infrastructure is
distributed throughout the city and the grey water
based water management systems are integrated into
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the existing water management systems (Wang et al.,
2026).

However, there are many barriers to large-
scale implementation of such hybrid systems, which
have not yet been removed. Firstly, the models for
design of water systems are largely fragmented,
comprising of many ‘solutions’ that cannot be easily
combined into a single, generally applicable
implementation model. Most of the solutions have
been designed by individual stakeholders within their
own ‘corner’ of the water system, with little or no
connection to other parts of the system and between
different stakeholders. Secondly, the requirements
for maintenance of such systems are often highly
complex. Although the individual components
required for maintenance need to be performed on a
regular basis, the total number of components
required for maintenance of a hybrid system is very
large. As a result, the threshold for large-scale
implementation of such systems is considered to be
too high. Thirdly, there is a lack of a unifying
measurement standard that can be used to express and
communicate the additional practical Dbenefits
provided by a water system over the long term and
the full value created by that system (Ghorbani &
Renning, 2025; Wang et al., 2026).

However, three barriers to date have
restricted the large scale application of this type of
green infrastructure as part of an integrated system.
First, there are overly fragmented designs that fail to
map out a unifying framework that could allow for
successful implementation in various locations. Most
designs today are made up of ‘solutions’ to local
problems. While these have the power to increase the
water holding capacity of localized areas, they are too
often a sum of separate parts that cannot be scaled up.
The main problem with most designs today is that
they are implemented by individual stakeholders as
‘solutions’ for local sections of water management
systems. Therefore, these often fail to connect up in
an integrated fashion between stakeholders or
sections of the system. The second problem that
hampers the large scale application of green urban
water management systems today is related to
maintenance. A larger set of interrelated small tasks
has to be done and coordinated in an on-going fashion
to manage such systems over the long term. However,
most people are not able to manage a large number of
small tasks on an ongoing basis. Therefore, there is a
large barrier to the long-term management of such
systems in order to function properly on an ongoing
basis. The third and biggest problem of all with
current designs is the lack of a unified measurement
or assessment method. This is the biggest problem of
all because without such a tool it is not possible to

quantify and communicate the additional long-term
value that such extra green or natural systems could
add to traditional ‘gray’ urban water management
systems in terms of their sustainable function over
time. Until these three problems are solved, this field
of research is unlikely to develop at a fast enough
pace to support the water risk management targets of
cities around the world. In order to tackle these
problems a comprehensive integrated assessment
framework is therefore required to support the fast
development of this research field in order to enable
urban water systems to become more sustainable.
The framework put forward in this study therefore
consists of more than just a single tool or method that
can be applied in a limited number of circumstances.
Instead it is a complete, all-encompassing system
consisting of a set of core assessment issues and a set
of general assessment criteria or standards that can be
applied in all circumstances. Such a framework is
therefore required in order to assess all different types
of urban water management systems that function on
the basis of biological processes, whatever their
specific environmental setting. The core issues that
need to be assessed for such systems are presented in
the next section.

These findings have been compiled and
outlined in a clear and systematic fashion to detail
and describe the individual site-based measures that
can reduce peak flow as well as improve water
quality of urban stormwater runoff, highlighting the
theory as well as the practical implementation of
these water management systems (Boguniewicz-
Zabtocka & Lukasiewicz, 2025; Li et al., 2023). The
content has been organized to outline the on-site
effects, as well as the non-technical measures such as
the institutional framework needed to implement the
water management systems.

II.  Literature Review

Critically reviewing current urban water
management approaches, this section begins by
outlining the high growth rate of urbanization and the
corresponding increase in demand for traditional grey
infrastructure within urban centers (Hager et al.,
2021). Water resources management in urban centers
is currently largely sector based and characterized by
a mechanical view of urban water systems. The non-
linear interactions within urban water systems and
within coupled human-natural systems are not yet
properly managed within urban centers (Wang, 2026).
Large legacy water infrastructure in urban centers is
unable to manage hydrological variability, which is
generally stochastic in nature and outside of current
rigid and distributed urban structures (Hjorth &
Madani, 2023). All current “deals” for managing
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water within urban centers are based on the
traditional “grey” approach and centralized water
services and thus do not consider “decentral”
alternatives which can reduce flood risk and provide
a secure alternative supply of water (Zhang & Chui,
2026).

3.1 Urban Water Management Challenges

While current practices are often struggling
to manage traditional water resources in urban areas,
their performance needs to be improved as
uncertainty regarding urbanization and climate
change is increasing. So-called “anthropogenic
impacts” are having a cumulative effect on surface
waters and affect aquatic and terrestrial ecosystems
(Allen-Dumas et al., 2021). In urbanizing
environments the management of the urban water
cycle is fragmented and a number of inter-related
risks for reduced water quality, reduced groundwater
recharge and failing water distribution assets are
identified (Marcoie et al., 2026). Groundwater is
being depleted at an alarming rate and climate change
is becoming more extreme (Reshma et al., 2026).

Climate change leads to more frequent
extreme weather events. The implications of these
events on urban drainage systems are exacerbated.
Water scarcity affects cities worldwide. In many of
them pluvial flooding becomes more frequent.
Urbanized watersheds have to manage water supply
and stormwater management in changing
environments. Different hazards affect urban
watersheds. These hazards pose inequalities of risk
and impact with respect to social and economic
groups (Allen-Dumas et al., 2021). Watersheds of
urbanized areas thus require innovative integrated
management approaches for their water resources.
Management of water resources on a local scale in
growing communities requires novel, non-traditional
solutions and technologies, which include
wastewater re-use and recycling (Das, 2025).

Tools for water resources design fail to
capture the high cost of retrofitting or complete
replacement of existing water resources management
systems as populations shift to new locations. Local
water ~ resources management in  growing
communities requires innovative, outside-the-box
thinking and technologies that include wastewater re-
use and recycling. Conventional, centralized urban
drainage systems are failing in a changing
environmental context and in managing the impacts
of urbanization and other pressing, cross-cutting
societal issues (Elsharqawy et al., 2022).

Incorporating  alternative = management
solutions for water resources is hindered by existing
lock-in to high carbon solutions (path dependency)

and associated rigid and non-adaptive water
resources governance structures (Tingey-Holyoak et
al., 2024). High levels of imperviousness resulting
from urbanization decrease evapotranspiration and
infiltration resulting in increased surface runoff that
can fill and overload sewer networks during extreme
events (Alshaikh et al., 2023). Increased frequency
and severity of urban flooding events combined with
resultant water quality impacts in aquifer receiving
waters are reported by Biswash et al. (2026).

In many countries extreme hydrological
events like floods and droughts are becoming more
frequent. These extreme events cause imbalances in
the hydrological cycle and interact with human waste
management. Urban flooding occurs not only due to
surface runoff but also due to blockages in the
drainage system and increased pollution of surface
waters during floods. Existing institutional
arrangements lack efficacy to address extreme
hydrological events and to manage water for urban
environments. Current structures are biased towards
hard-engineered solutions to manage water rather
than trying to restore the natural hydrological
functions of ecosystems (Peck et al., 2022). As such,
there is a great need to redesign urban drainage
systems as multifunctional blue-green infrastructure
to manage water for ecological purposes to prevent
flooding (Gomes et al., 2021).

A shift from rigid, and often defensive,
water resources management structures towards a
more adaptive, multifunctional and nature-based
urban water management approach is required in the
face of climate change, extreme events and
associated uncertainties affecting urban water
systems (Hendryarto et al., 2025). Indeed, innovative
urban water management can successfully reduce
surface runoff by up to 46% whilst also increasing the
amount of water that is recharged to groundwater
(Marcoie et al., 2026). Thus, a focus on ‘green’ urban
infrastructure is required, with permeable pavements
and bioswales able to capture, store and treat urban
runoff for efficient groundwater recharge (H. Dey &
Shao, 2026; S. Dey et al., 2025).

Bioretention systems are a key component
of a number of urban water cycle management
strategies currently being developed to address the
impacts of urbanization (Ali et al., 2025; Veiga et al.,
2021). Surface flows in urban areas are generally
characterized as conveyance rather than storage.
Impervious surfaces therefore function as a number
of ‘bath tubs’ or ‘buckets’ of water that increase the
peak flow through a system thereby increasing its
vulnerability (Lentini Et Al., 2022; Lohani, 2025).

3.2 this is the biological water systems
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Biological water systems consist of
wastewater and stormwater being treated by the
metabolism of microorganisms, plants and natural
filtration media to produce a high-quality water
resource that can be reused. Therefore, they focus on
the functional design of ecological elements and their
combinations such as constructed wetlands,
biofiltration basins and phytoremediation zones,
utilizing  physical, chemical and biological
degradation processes to remove pollutants. These
systems can deliver the same functions of a closed
loop and thereby significantly reduce the amount of
pollutants in the wastewater and corresponding
emissions to water, while allowing for some urban
reuse reloading use (Tondihal, 2025).

Decentralized systems function within the
natural biogeochemical cycles and thus have a
significantly ~smaller carbon footprint than
conventional wastewater treatment systems. Urban
biodiversity and also carbon storage can be even
achieved by these systems (Esraz-Ul-Zannat et al.,
2024). Ecological units like soils in these systems can
be designed and optimized by adding engineered
substrates, such as biochar, in order to improve the
hydrothermal properties as well as the nutrient
retention capacities (Kinoshita & OZAKI, 2024). The
complex interactions between soil, media, and root
zones in these systems can also be used for the
bioaccumulation and biotransformation of pollutants
like heavy metals and hydrocarbons in order to
reduce their hazardousness in urban surface runoff
(Sharma & Malaviya, 2021).

Nature-based systems for water treatment
are viewed through the new lens of circular water
management and thus move away from the historical
model of water as waste, needing to be removed from
urban centers as quickly as possible (Vigneswaran et
al. 2025). This approach recognizes stormwater, for
so long managed as a nuisance that had been
overlooked for decades with reference to its potential
reuse, as a valuable decentralized water resource that
can be used for irrigation and for cooling of industries
using treated effluent from decentralized systems
(Namratha & Gaonkar, 2026; Zalaznik et al., 2023).

Nature-based wastewater solutions not only
treat wastewater but also contribute to urban
biodiversity, and in terms of climate change they can
store carbon and counteract the heat island effect
(Ahmad, 2025). Thus, solutions based on nature
fulfill the main challenges of resource recovery and
reuse by using natural water cycles in a circular city
(Oral et al., 2021; Tsatsou et al., 2023). Moreover,
their application at the micro- or meso-scale allows
for the recovery of secondary liquid waste flows that

are normally lost in urban linear setups (Hullebusch
etal., 2021).

A successful implementation of closed-loop
functions in water management within a circular city
also requires a connection of individual ecological
elements with urban challenges of sustainable
resource recovery and usage over the long term
(Langergraber et al., 2021). First, appropriate
collection and transport systems need to be put in
place to connect ecological units with recovery points
in urban agriculture or green spaces end-use
(Langergraber et al., 2021). This change in water
management from fragmented, linear systems to a
more integrated system for a sustainable use of water
in a circular city also will help to restore urban
livability (Ma et al., 2024; Ramirez-Agudelo et al.,
2021).

Strategic alignment of flow in urban areas
and their integrated management within Green and
Built Infrastructures in urban settings to enhance
system’s resilience offers great potential for
implementation of such ecological solutions in urban
settings (Gejer & Silva, 2024). Such a natural
ecological solution can help any city transition from
‘take, make, dispose of” approach of current energy-
intensive utility management practices and practice
‘decentralized resource recovery’ to ‘decentralized
treatment’ (Varma et al., 2023). This is possible by
incorporating ecological solutions for water
treatment in urban design so that both stormwater and
greywater can be utilized as resources and can be
treated in decentralized treatment systems to
minimize losses in conveyance and to keep
centralized sewer network load as minimum as
possible (Gholipour et al., 2026; Haq et al., 2026).

Nature-based solutions like the ones
presented earlier constitute an important ecological
service within the water-energy-food-ecosystem
(WEFE) nexus by replacing energy-intensive
chemical treatment with low-input, ecological
solutions (Carvalho et al., 2022; Choudhary & Ray,
2024). Nature-based solutions for urban water
management integrate the various benefits of blue-
green infrastructure to create Dbetter urban
environments through parks and other public spaces,
while providing flood management services and
multiple other functions of an ecological and
hydraulic nature within the built environment
(Magalhaes et al., 2026). By designing within the
boundaries of the water—energy—food—ecosystem
(WEFE) nexus, urban planners can design
metropolitan systems to better manage the flows of
resources and functions within them to improve their
functional circularity (Arnaud et al., 2026).
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It creates an innovative intervention typology that can
be applied in practice, allowing for a comparison
between the costs of decentralised recovery of
resources and the traditional costs of urban utility
provision.

3.3 Types and Technologies

Biological =~ water treatment systems
designed for sewage treatment are equipped with a
complete set of artificial technologies that operate in
accordance with ecological laws. These technologies
are not created out of thin air to violate natural logic;
instead, they are designed and function along the
inherent operating logic of ecosystems, covering
types ranging from simple to complex that can adapt
to different treatment demands. Simple examples
include constructed wetlands that rely on subsurface
infiltration, and biological filter tanks that allow
water to naturally seep through filter media; complex
examples include the more technologically advanced
microbial fuel cells, as well as photobioreactors that
specifically use algae to treat sewage (Ali & Sultana,
2024; Wirth et al., 2021).

These sewage treatment technologies do not
require adding any additional chemical agents to the
water, and they all rely on the metabolic processes of
the organisms themselves to function. Organisms
convert nitrogen from the air into a usable form to fix
it within their bodies, and also store carbon in their
own tissues. Through these naturally occurring
reactions, they gradually remove the excess nutrient
substances in the water that would otherwise cause
pollution. A particularly practical feature of this
system is that it prevents sewage from spreading
uncontrollably; instead, it contains sewage firmly at
its site of origin, completing all treatment work
within the small area where the sewage is produced,
with no need to transport the sewage to another
location for processing (Garrido-Baserba et al., 2024;
Hamel & Tan, 2021).

In addition to the technologies that operate
relying on microorganisms and algae, there are also
specialized phytoremediation solutions: people select
and plant specific plants that naturally adsorb
pollutants, allowing these plants to gradually absorb
heavy metals and other harmful impurities from the
water into their own tissues, completely separating
these environmentally hazardous impurities from the
water.

At the very front end of the entire sewage
treatment process, there are two essential
pretreatment facilities: the sedimentation tank and the

regulating reservoir, which are the first parts of the
whole system to come into contact with sewage.
These two facilities first allow large particulate
impurities in the sewage to settle to the bottom of the
tanks, removing these most easily separated wastes
first, thereby reducing the burden on all subsequent
treatment steps, and ultimately greatly improving the
water quality of the system's effluent (Nwokediegwu
et al., 2024).

There is another category of sewage
treatment solutions that are also designed and operate
in line with natural laws. Unlike single technologies
that rely solely on the action of organisms themselves
to purify water, these integrated solutions that
combine multiple methods use three core treatment
approaches simultaneously: physical screening to
remove debris from the water, biological
decomposition to break down pollutants, and
chemical reactions to transform harmful substances
into harmless materials. Using this combined
approach, the hard-to-degrade organic pollutants and
disease-causing pathogenic bacteria in the water can
be eliminated as thoroughly as possible, delivering
far better treatment results than any single technology
(Kumar et al., 2026).

If a system that uses plants to purify water
quality is paired with a bioelectrochemical platform,
two tasks can be accomplished at the same time: on
one hand, it remediates eutrophic water bodies that
have already developed problems—these water
bodies, due to excessive accumulation of nutrients,
emit foul odors and experience large-scale algal
blooms, making it impossible to maintain a normal
ecosystem; on the other hand, it generates usable
energy through reactions that occur within this
integrated system. The overall carbon emissions of
decentralized sewage treatment facilities built in
various locations can also be greatly reduced
(Kumwimba et al., 2023).

These decentralized treatment units feature
extremely high flexibility in use. If only a small local
volume of sewage needs to be treated, a single unit
can operate independently without relying on other
equipment; if the volume of sewage to be treated
increases at a later time, multiple units can be
connected to form a larger unified treatment system.
Moreover, all units are built directly near the site
where sewage is generated, eliminating the need to
dig trenches and lay long pipelines to transport
sewage over long distances to a distant centralized
treatment site. In contrast, traditional large-scale
centralized sewage treatment plants require
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occupying a large tract of land to collect and treat
sewage from all surrounding areas. Compared with
this outdated model, decentralized treatment not only
saves a large amount of construction costs, but also
greatly simplifies the long-term routine maintenance
work that operators need to perform (Rani et al.,
2022).

Research progress in recent years has
repeatedly confirmed that modular biological sewage
treatment systems have extremely high practicality
and are very suitable for on-site implementation. A
typical example is a treatment device centered on
water fleas, which leverages the natural habits of
water fleas—water fleas filter small particles in the
water as food—allowing various low-concentration
harmful pollutants in the water to enter and
accumulate in the water fleas' bodies along with the
particles, thus being naturally and completely
removed from the water. The modular structure of
these systems also supports free assembly: the
commonly used activated sludge sewage treatment
process can be flexibly combined with ecological
water purification technologies such as constructed
wetlands and sewage hydroponics. No matter how
the quality of the incoming sewage changes—
whether the content of impurities in the water is high
or low—the combination of these technologies can be
adjusted at any time to extract as much recyclable and
reusable resources from the water as possible,
avoiding wasting useful substances in the wastewater
(Chen et al., 2024). The most prominent advantage of
these assembled hybrid systems is that they can
mobilize the microorganisms, algae, and large
aquatic plants within the system to cooperate with
each other and exert synergistic effects. Compared
with traditional mechanical aeration treatment
methods that consume large amounts of electricity,
these systems designed in line with natural laws not
only remove pollutants more thoroughly, but also
minimize the overall operational energy consumption
(Capodaglio et al., 2021; Sylvie & Ashton, 2021).

If anaerobic membrane bioreactors and
bioelectrochemical systems are added to these
wastewater treatment configurations that operate
based on ecological principles, two goals can be
achieved simultaneously: recycling and reusing
valuable nutrients from wastewater, and producing
energy (Ejairu et al., 2024; Sikarwar et al., 2025). The
operational logic of this bioelectrochemical system is
unique: it relies on the interaction between
microorganisms and electrodes to completely
eliminate pollutants in water while generating usable
electrical energy. Compared with traditional
wastewater treatment methods that consume large

amounts of energy, it is a highly suitable alternative
(Monroy-Licht et al.,, 2024). Furthermore, these
devices that integrate multiple technologies can
address numerous shortcomings of traditional
processes. For example, wastewater treatment always
generates large volumes of surplus sludge that cannot
be properly utilized, and this integrated solution can
significantly reduce the production of such sludge.
Moreover, regardless of the type of wastewater being
treated, it can recycle valuable resources within it
more completely and efficiently (Sravan et al., 2024).

If this bioelectrochemical platform is further
combined with another process called advanced
oxidation, the efficiency of the entire treatment
workflow can be raised to a new level. Even
refractory pollutants that were originally untreatable
by traditional biological treatment units and would
otherwise be discharged directly with wastewater can
be completely decomposed (Bashir et al., 2023). In
addition to these technical performance upgrades,
there is more untapped value: a significant amount of
biomass is collected during wastewater treatment. If
this biomass is reused, useful trace elements can be
extracted from it. The facility, originally only
responsible for treating wastewater, can then be
transformed into a circular biorefinery, and new
revenue streams can be opened up through these
additional outputs (Christou et al., 2024). This shift
in thinking completely redefines the value of
wastewater: it is no longer a waste liquid that only
burdens the environment, but a usable resource that
can independently produce energy, nutrients, and
even high-value-added products such as hydrogen
and methane (Lavanya et al., 2023). Finally, if these
biological treatment systems are used in conjunction
with renewable energy sources such as solar and
wind power, the environmental impact of wastewater
treatment can be further reduced, and the long-term
operating costs of the entire process can be
compressed (Ogunwumi et al., 2024).

These technological advances mark a
fundamental shift in the design philosophy of urban
public utilities. The traditional linear treatment model
that consumes large amounts of energy and
continuously generates waste is gradually being
phased out, replaced by a new framework that
prioritizes resource recovery and emphasizes circular
resource sustainability (Rittmann & Torres, 2026;
Tayyab et al., 2025). These distributed treatment
facilities eliminate the need to collect the city's entire
wastewater volume for processing at a single large
plant, enabling water resource recovery and
purification to be completed locally where the
wastewater is generated. Compared with traditional
large-scale centralized treatment infrastructure, they
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consume far less energy and can also reduce the
additional environmental pressure caused by
continuous urban expansion (Fathima et al., 2023;
Yadav et al., 2024).

3.4 Nature-Based Solutions in Urban Water
Management

Nature-Based Solutions in Urban Water
Management, as the core component of the urban
water-energy-food nexus network, can help us move
beyond the traditional fossil-fuel-dependent
centralized wastewater treatment model and shift to a
new, low-energy, distributed treatment path
(Parkinson, 2021). The most intuitive benefit of this
system is that it can transform wastewater from an
unwanted waste burden into a valuable usable
resource: nutrients such as ammonium and phosphate
that would otherwise be discharged and wasted with
wastewater are fully recovered. These substances are
exactly the essential nutrients for plant growth,
making them perfectly suited to support local urban
agricultural production (Schroder et al., 2026).

Reinvesting the raw materials recovered
from these nature-based solutions back into
production can also promote the real implementation
of a circular economy model. Unlike the past, where
non-renewable mineral resources had to be mined to
obtain the phosphate and nitrogen fertilizers
necessary for agriculture, this approach greatly
reduces our dependence on non-renewable resources
while stabilizing local urban ecosystems, eliminating
the additional environmental burden imposed by
mining and transportation activities (Harish &
Jegatheesan, 2025). For wurban management
authorities, integrating the city's existing green
infrastructure such as parks and green spaces with
distributed wastewater treatment nodes in various
districts can not only reduce the various negative
environmental impacts caused by traditional
centralized wastewater treatment but also improve
the long-term urban resilience of local residents,
enabling them to respond more calmly to unexpected
water outages or extreme weather events (Lopez,
2022).

These distributed treatment facilities built
on natural principles can not only process daily
wastewater but also create multi-functional buffer
zones. During heavy rainstorms, they can store the
sudden surge of rainwater, preventing pipe network
overflow caused by excessive short-term flow. At the
same time, they can cool the city, mitigate the heat
island effect, and help the city better withstand
various extreme impacts brought by climate change
(Shaibu et al., 2025). The distributed layout of these
facilities, in addition to improving the original

resource utilization efficiency, can also help us break
away from the old approach of relying on a single
large pipe network to collect all wastewater for
centralized treatment. That old model was not only
inflexible and unable to adapt to changes but also
consumed large amounts of energy to maintain
operation. Switching to a flexible hybrid system
allows resources to be used where they are most
needed, further improving overall utilization
efficiency (Riswanto et al., 2024). This localized
hybrid framework can also promote the shift of
decision-making power from the former city-wide
unified centralized planning to distributed decision-
making by various districts based on their own
conditions, enabling the introduction of water
resource management plans that are fully adapted to
local circumstances, avoiding unreasonable one-size-
fits-all arrangements. At the same time, it can reduce
the burden on urban wastewater treatment plants that
are currently operating at full capacity, easing their
operational pressure (Haji et al., 2024). These
investments can not only alleviate the hydraulic
pressure on old infrastructure that has been in use for
decades, preventing the risk of imminent failure, but
also integrate ecological protection with the public
services essential for residents. Instead of building
wastewater treatment facilities as "dead zones"
disconnected from urban life, they can reshape the
city's appearance, integrating ecological landscapes
and livelihood services into one cohesive whole (Rey
et al., 2026), (Ali et al., 2025).

Ultimately, this distributed treatment model
can promote the circulation of resources within the
city, forming a complete closed loop for water reuse
and the recovery of various resources, long-term
improving the city's ecological stability and making
life more comfortable and secure for its residents.
(Lako & Como, 2024; Pueyo-Ros et al., 2025)

To achieve this goal and truly shift urban
water environment management toward a circular
economy, municipal authorities must first break away
from the old linear model that has been used for
decades"collect all wastewater, treat it centrally, and
then discharge it directly"and adopt a new framework.
The top priority in this new framework is to extract
and reuse the nutrients, usable raw materials, and
recyclable energy contained in wastewater, rather
than letting them be discharged and wasted along
with the sewage. (Asl, 2022)

With this shift in thinking, the originally
single-function wastewater treatment plant becomes
a core hub for resource recovery in the city. Here, raw
materials for biogas production can be extracted from
wastewater, and high-value compounds such as
nitrogen and phosphorus can also be recovered.
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(Peydayesh & Mezzenga, 2024) It truly integrates the
originally separate fields of water, energy, food, and
ecosystems into a mutually supportive whole, putting
this nexus logic into practice in the actual operation
of the city. (Nicole et al., 2025)

To accurately calculate whether these
wastewater treatment plants, transformed into
resource recovery centers, can deliver tangible
environmental improvements and economic benefits,
a reliable set of research methods is required for
quantitative assessment. Tools such as standardized
life cycle assessment and various indicators to
measure the level of resource circulation are
indispensable. (Arias et al., 2025)

Even if all technical hurdles are overcome,
to cross the current regulatory thresholds and
overcome social resistance to the acceptance of new
technologies, technical prowess alone is insufficient.
These innovative technical configurations must be
advanced in tandem with supporting policies and
urban governance systems that can underpin them.
(Ganesapillai et al., 2026)

This is not a task that any single party can
accomplish alone. Government departments, industry
practitioners, and local residential communities must
work together to promote the adoption of these new
treatment methods and establish a sustainable,
reliable resource recovery economic model. (Emeka
& Chikwendu, 2025) If a holistic systems thinking
approach is used to map out all potential emission
reduction spaces across the city, the city can align
these new technological advances with its overall
decarbonization goals, advancing both in sync
without disconnecting them. (Lam et al., 2026) To
achieve this, comprehensive carbon accounting must
also be implemented. Instead of only focusing on
emissions within the walls of wastewater treatment
plants, all related emissions must be includedfor
example, direct and indirect emissions of methane
and nitrous oxide must all be incorporated into the
city's water resource management strategy, with no
omissions. (Li et al., 2022) A key benefit of adopting
this new integrated framework is that it can help cities
bridge the gap between successful small-scale pilot
projects and city-wide large-scale implementation.
This transition is mandatory: only by completing it
can cities keep up with continuously updated
international wastewater discharge standards and
meet  increasingly  stringent  requirements.
(Brunhoferova et al., 2023; Colella et al., 2021)

3.5 Sustainability and Circular Economy

The transition from the traditional linear
extractive resource model to closed-loop systems that
utilize all available resources such as water and by-

products (waste) in the production processes to
maximum extent and convert them into reusable
resources is still in the implementation phase. In
order to transform the production processes into
closed-loop systems, the old treatment plants that
were designed to treat pollutants have to be retrofitted
into multi-functional biorefineries which can recover
valuable nutrients (P, N) as well as energy from
wastewater and waste. In this way, negative impacts
on the environment of production as well as treatment
can be minimized whereas long-term economic
sustainability of the closed-loop systems can be
ensured. Existing studies on the subject indicate that
although nutrient recovery, in particular P recovery,
is the core task of the entire field, its successful
implementation depends on two factors: (1) technical
solutions have to be adapted to local conditions, (2)
recovered resources have to be integrated into mature
industrial chains to avoid the “recovered material
with no downstream market” situation (Bagheri et al.
2024).

The advantages of decentralized biological
water treatment systems have been verified by many
earlier studies, but, however, there are a number of
substantial shortcomings in the current state of the
industry,  which  prevent their effective
implementation. Firstly, there is a deficiency in the
studies analyzing the operational data of
decentralized systems of various sizes from cities all
over the world. Thus, there is an urgent need to
aggregate and systematize the information obtained
from monitoring of decentralized treatment systems
in various cities. Furthermore, most of the current
studies evaluate the analyzed systems using single
indicators, whereas, in reality, the social, economic,
and environmental performance of a system is
influenced by a large number of interrelated factors.
This is especially important when assessing the large-
scale implementation of circular systems in various
urban environments (Renfrew et al., 2023; Ribarova
et al., 2024). The lack of studies evaluating the scope
of the aforementioned problems as well as the
methods of their solution using standardized methods,
databases, and protocols, significantly limits the
potential of the existing technologies for the water
treatment, thus preventing their practical
implementation by operators of treatment plants
(Wang et al., 2023).

While numerous studies have discussed the
benefits of decentralized biological water treatment
systems, there is an urgent need to gather data on the
operation of such systems in various cities and to
integrate this information into integrated life cycle
assessment and risk assessment (Kacprzak et al.,
2025). All current studies evaluating performance of
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various biological water treatment systems focus on
single operational indicators, while the social,
economic, and environmental aspects are interrelated
and must be taken into account when assessing
performance in various urban settings in order to
promote the large-scale implementation of these
systems that facilitate the closure of circular resource
flows (Renfrew et al., 2023; Ribarova et al., 2024).
Accordingly, there is a great need for standardized
methods and data sets that can be used by
practitioners to evaluate the implementation of new
water treatment systems and manage the associated
risks in the long run. To date, very few studies have
provided reliable tools for such an evaluation (Wang
et al., 2023).

In a first step the conceptual study tries to
close an untouched research gap by developing a
multi-dimensional  assessment framework for
evaluation of different biological water treatment
systems. The framework focuses on the trade-offs
between the goals of efficient decentralized
technologies for smooth operation and the goals of
the sustainable development of a city in which
several targets cannot be reached 100% as they are in
conflict with each other. Supporting research was
conducted by Kathi et al. (2023) and Preisner et al.
(2021).

Therefore, the study requires future studies
on recovery of nitrogen and phosphorus from
wastewater in urban settings to be conducted within
three dimensions, namely, (1) the ability of a
recovery technology to be implemented under local
specific circumstances; (2) compliance with existing
legislation and (3) potential risks to human health and
environment. Supporting research includes D’Ostuni
et al. (2022) and Zheng et al. (2022).

All previous studies evaluating
decentralized biological water treatment systems
focused on assessing their operational efficiency
and/or compliance with different requirements. Thus,
this study developed an implementation pathway that
would enable the utilization of these water treatment
systems to decrease the environmental risks such as
algal blooms and water eutrophication in urban water
bodies (rivers, lakes and canals) caused by excess
nutrients. The supporting research is provided in
(Gunnarsson et al., 2022).

In addition to the above assessment
framework, several key aspects with respect to the
social technologic conditions governing the
transition from traditional urban wastewater
sanitation to a decentralized, resource recovering
wastewater management system have been reviewed
in the above review of existing literature. It is clearly
established that the transition to new technologies is

influenced by a large number of social factors, and
that it cannot be driven by a single department, but
rather that a governance framework that brings
together all relevant stakeholders and departments is
required to promote large-scale implementation of
decentralised  technologies that have been
successfully tested in small-scale pilot projects.
Supporting research has been included from
(Molinos-Senante et al., 2024; Wagner et al., 2023).

The assessment must use a unified system
boundary in order to enable future comparison of new
biological technologies for the recovery of resources
from water. Such an assessment must quantify the
full life cycle environmental impacts as well as the
economic costs to implement a given technology
within a given system boundary (Clack et al., 2024).

To assess the impact of novel biological
water treatment systems in urban settings within the
framework proposed by this research, future studies
will have to use a unified set of indicators to measure
the impact on urban risk management and the core
indicators of the circular economy.

The study has been linked with current
research on nature-based solutions for promoting fair
and sustainable urban development and improving
efficiency of resources recycling within cities.
Supporting research has been provided by (Edwards
et al., 2024; Pausta et al., 2024).

For a district to achieve its local targets for
sewage treatment while the city as a whole strives to
achieve environmental targets such as reducing total
carbon emissions and other pollutants released into
the environment, the contradictions inherent in such
a scenario are numerous. A way to reconcile such
contradictions is by the implementation of these new
systems for decentralized urban water management.
For the support of all relevant stakeholders to
implement the gradual step-wise transition from
traditional urban centralized water management
systems to new forms of decentralized systems for
decentralized urban water management, a roadmap is
developed (Abulimiti et al., 2026). The other major
contribution of this study is the progress made
towards the development of dynamic, multi-
dimension assessment tools for water environments,
which include chain reactions of water environmental
events and/or processes (water environmental
stressors) caused by fluctuations in wastewater
disposal events and/or other human activities, as well
as by events of extreme weather conditions etc. These
environmental events and/or processes, and their
chain reactions, are assessed and recorded (Li et al.,
2026).

Transitioning to a closed-loop nutrient
management system is also crucial. Historically, the
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nutrients nitrogen and phosphorus found in
wastewater were removed from the water and treated
as waste. Today, urban water environments require
technologies that recover these nutrients and cycle
them back through the environment in a closed-loop
system. This section considers ways to maximize the
value of the by-products of biomass and reclaimed
water in order to develop more sustainable urban
cores (Beltran et al., 2026). In order to increase the
efficiency of pollutant removal and to convert the
removed biological material into maximum value, the
use of synergistic biological systems for wastewater
treatment has recently gained increasing interest. For
example, bacteria—microalgae co-culture systems,
which combine two different microorganisms in
order to increase the efficiency of organic matter
removal, can also be used to increase the value of the
biological material removed from water (Patel &
Kumar, 2025). The by-products of such a system, for
example, could be sold on the market as biofuels or
as bio-based fertilizers for agriculture and as animal
feed for aquaculture, thus increasing the economic
sustainability of water treatment in urban
environments and the contribution that it can make to
the circular economy of a city, transforming
traditional sewerage treatment plants into self-
sustaining entities (Molinos-Senante et al., 2024;
Renfrew et al., 2024).

Innovative nutrients recovery solutions are
being developed and implemented to manage
wastewater nutrients. These measures transform
traditional urban sewage treatment sites into valuable
community assets to enhance urban sustainability. A
closed-loop system is designed to reduce the
traditional linear sanitation model’s carbon footprint
by targeted recovery of biosolids and nutrient flows
in wastewater treatment. This new approach to
sewage treatment in urban settings contrasts with the
old linear model of extract, use, and discard of natural
resources, which had large carbon footprint. The
decentralized approach of small-scale, low-input
systems such as algae-based systems and periphyton
biofilms can be used for local nutrient recovery in
districts where large-scale centralized sewage pipe
networks are technically not feasible due to
mountainous or complex terrain, or in towns with
limited financial resources to support large sewage
treatment infrastructure (Estévez et al., 2021).
Additionally, retrofitting of urban drainage canals
with 3D liners to form decentralized nutrient removal
sites within existing drainage channels can be an
effective measure to manage wastewater nutrients in
urban areas, to overcome land use constraints that
traditional large centralized sewage treatment plants

face in many cities around the world (Marella et al.,
2021).

From the technological point of view,
wastewater can be treated using various decentralized
small-scale systems of low input, such as small algae-
based systems and periphyton biofilms that are
installed on top of or within existing drainage
structures and are able to remove nutrients from
wastewater (Estévez et al., 2021). Moreover,
nutrient-rich wastewater can be retained in
decentralized locations by installing simple-to-
integrate 3D-liners in urban drainage canals and
flumes that enable easy retrofitting of existing
infrastructure  (Marella et al.,, 2021). The
development of life cycle assessment (LCA) methods
that consider a broad spectrum of environmental
impacts (from simple assessable parameters to toxic,
stable, non-biodegradable and water-soluble
chemicals as well as trace pollutants that are present
in very low concentrations and that so far have been
mostly neglected) is necessary for sustainable urban
development, and supports the transition of the
current  linear  sanitation  system  towards
decentralized resource factories that contribute to the
achievement of global sustainable development goals
and support the United Nations’ Decade of
Ecosystem Restoration (Chen et al., 2024; Praveen et
al., 2024).

New assessment methods for the assessment
of circular economy need to be unified to support
decision-making in the area of wastewater
management (Bhambhani et al., 2023). Material flow
analysis, which is one of the most common methods
for the assessment of the material flow in urban
systems, fails to consider decentralised wastewater
treatment in sufficient detail, which results in
underestimation of its environmental benefits as well
as of its potential for resource recovery (Bhambhani
et al., 2023).

Biological treatment systems can remove
nutrients (N and P) from wastewater and convert
these into nutrients for agriculture, such as fertilizers
(Das & Mishra, 2025). Nutrients can be recovered
from wastewater in decentralized systems and these
can be processed into by-products such as biofuels,
biofertilizers and fish feed, thereby creating value
from waste. These systems are designed to run on low
energy and hence they have low carbon footprint as
compared to traditional sewage treatment systems
(Lamchaimech et al., 2026a, 2026b). However, in
order to create value from waste, deep processing of
the recovered biomass is the need of the hour. Such a
resource recovery will help in achieving the goals of
a circular bioeconomy, which also needs to address
issues related to water, energy and food. Thus, there

DOI: 10.5281/zen0d0.23096117 | Impact Factor value 6.18 | ISO 9001: 2008 Certified Journal

Page 30



2

International Journal of Advances in Engineering and Management (IJAEM)

UAEM Volume 8, Issue 10 October. 2026, pp:21-41 www.ijaem.net

is a need for coordinated action among three sectors,

namely, water, energy and food (Kuppan et al., 2023).

Beyond the enhanced pollutant removal
potential and effective nutrient recovery, there are
many promising options for the effective down-
stream processing of the stable biomass generated in
the integrated systems of bacteria and microalgae in
water treatment. The biomass can be processed into
biofuels, organic fertilizers, animal feed etc. to
generate high value addition products to be used in
industries replacing similar products made from
fossil fuels thus promoting inter-industry resource
exchanges (Khan et al., 2026; Nguyen et al., 2022).
Thus the closed-loop biomass valorization approach
can effectively overcome the long-term ecological
hazards of the traditional approach of disposing of
wastewater and waste as sludge in landfills and help
in generating economic value from resources (Parmar
etal., 2023; Sarker & Kaparaju, 2025). Such a system
of urban decentralized water management will
transform the role of conventional urban sewage
treatment plants from mere auxiliary structures in the
city to smart, resource-based structures for
production of water, energy and nutrients for
sustainable development of cities (Kacprzak &
Kupich, 2021).

Moving forward from linear practices of
extracting, using and disposing of resources, such
systems will enable the city’s development to become
equitable and support the achievement of water-
related sustainable development goals. By doing so,
these systems will enable creation of urban core areas
that are resilient to risk and support the development
of circular economy. Assessments using full life-
cycle cost and environmental impact simulations will
quantify the actual value of recovering resources,
including those that can be captured and utilized in
various forms by private investors, thereby enabling
determination of their economic value (Shanmugam
et al., 2022). Use of a standardized life-cycle
assessment methodology for assessing the multi-
functional systems described in this review will also
assist in addressing the issues that need to be tackled
in assessment of these systems, which can be tricky
to assess using simple economic or quality-based
approaches, and assist in ensuring that value is
correctly assigned to different products that are
generated as part of these systems (Kacprzak &
Kupich, 2021).

Iv. Research Gap, Objectives and
Questions
4.1 Research Gap

In recent years, there has been a growing
volume of papers researching distributed nature-
based solutions, and discussions in related fields have
become increasingly active. However, a critical
Research Gap has remained unaddressed: there has
never been a comprehensive and unified standard
framework that can measure the trade-offs among
three core types of indicators over the long term.
These three indicators are the operational efficiency
of the ecosystem itself, the cost-effectiveness of
constructing relevant infrastructure to ensure funds
are spent optimally, and the actual outcome of
resource recycling when this solution is implemented
in real-world scenarios. Without a unified framework,
it is impossible to comprehensively calculate the
gains and losses of these three factors together.

Most of the existing various assessments only
focus on test results obtained in laboratory settings,
failing to account for a core practical problem: the
data generated by these technologies in fully
controllable laboratory environments will perform
completely differently when transferred to real cities
with large scales and complex, variable environments.
No one has pre-assessed the risks in this transition
process, which has directly hindered the large-scale
promotion of these technologies (Khandelwal & Lens,
2023; Srimongkol et al., 2022). Furthermore, the
academic community has long thoroughly studied the
potential of such nature-based solutions in small-
scale pilot scenarios, yet two categories of practical
field data remain seriously insufficient, leaving an
urgently unmet gap. One category is long-term
operation and maintenance data for large-scale
facilities, that is, the actual observation records of
how to manage and maintain facilities for several
years or even decades after their construction. The
other category is measured data on how to adjust
operational parameters for naturally operating
systems that require no additional human
intervention to maintain optimal working conditions
when facing variable environmental fluctuations.
Both of these gaps await resolution (Lens et al., 2023).

In addition to the aforementioned gaps,
another area has also seen extremely limited research:
no one has systematically sorted out the barriers that
must be overcome in the transition process from
theoretical biorefinery models on paper to fully
implemented large-scale field facilities. In particular,
implementation research on integrating microalgae
cultivated in wastewater into high-value-added
agricultural production is even more scarce (Kapoore
et al., 2021). Some scholars have also proposed that
more research is needed to advance the development
of wunified remote monitoring procedures for
automatic control systems built in remote areas.
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These procedures must be able to address common
mechanical failures of photobioreactors in real
scenarios, such as sludge accumulation and cell lysis;
otherwise, even if these remote facilities are
constructed, they cannot operate stably (Mérida &
Padrén, 2023). Finally, there is an unavoidable
problem: the entire academic community has never
had a set of universally recognized core performance
indicators, making it impossible to directly compare
traditional wastewater treatment plants with these
emerging Dbiological treatment solutions. This
precisely highlights the wurgency of promptly
introducing a  structured, multi-dimensional
assessment framework (Renfrew et al., 2022;
Rodrigues et al., 2025).

To unify these fragmented evaluation
criteria and provide a reliable basis for subsequent
infrastructure investment decisions, it is necessary to
develop a unified analytical framework that
integrates techno-economic analysis and life cycle
assessment. Only by combining these two analytical
methods can the previously disconnected
measurement standards be standardized (Haq et al.,
2026). This study aims to fill all the identified
knowledge gaps by specifically designing a multi-
dimensional assessment framework to systematically
evaluate the implementation feasibility of integrated
biological water systems across technical,
environmental, and  economic  dimensions.
Specifically, this study will explore how these multi-
functional systems can accomplish two goals under
various climate conditions: first, optimize the
removal efficiency of nutrients in water, and second,
minimize the various trade-offs and losses
encountered during operation, avoiding the sacrifice
of one objective to prioritize another (Arango et al.,
2022; Carecci et al., 2024).

All subsequent empirical research must
verify the framework proposed in this study through
full-scale urban projects, and identify the most
suitable operational parametersparameters that can
maximize biomass output and nutrient recovery even
when environmental conditions fluctuate unstably
(Rossi et al., 2023). During the verification process,
further in-depth exploration is required to thoroughly
investigate how the symbiotic interaction between
algae and bacteria in the system operates, and what
impacts this symbiosis will have on operational
stability and outcome predictability for distributed
large-scale reactors located throughout cities (Cheng
et al., 2026).

Beyond these research directions, future
studies must also calculate the energy trade-offs
associated with different reactor configurations. For
example, how variations in aeration schemes for

pumping air into water and light management
strategies for regulating illumination in reactors will
affect the overall operational performance of the
system (Biliani & Manariotis, 2025).

By integrating these operational details with
techno-economic and life cycle assessment
perspectives, the framework proposed in this paper
can lay a solid structured foundation for subsequent
decision support tools. These resulting decision tools
will help urban planners clarify two sets of
calculations: on one hand, the benefits generated by
recycled resources, and on the other hand, all the
practical barriers that must be overcome to
implement this infrastructure, avoiding any trade-offs
between the two (Das & Bhattarai, 2025; Geng et al.,
2025).

Ultimately, this concept-driven research
adds new content to existing research in the field of
urban resilience. It not only proposes a clear
structured roadmap for evaluating the large-scale
promotion of various biotechnologies, but also
incorporates considerations of pollution risks and
regulatory compliance requirements that must be
addressed during implementation (Ugwuanyi et al.,
2024). To help these biotechnologies transition from
laboratories to real urban application scenarios,
subsequent verification work can combine process
modeling and sustainability assessment to develop a
rigorous, modular, and truly implementable
performance baseline (Zhang et al., 2025).

This multi-dimensionally integrated
research method also highlights a core requirement:
process modeling must be bound to economic
analysis to accurately assess the reliability of these
emerging technologies against the backdrop of the
interconnected water-energy-food nexus (Lee et al.,
2023).

For this reason, future research must test this
integrated assessment framework across a wide range
of urban scenarios to confirm whether biological
water systems can transcend the limitations of small-
scale pilot demonstrations and deliver stable and
reliable outcomes in terms of technical feasibility,
environmental friendliness, economic sustainability,
and resource recycling capacity (Rodrigues et al.,
2025; Schaik et al., 2021).

Another critical problem that must be
resolved is that researchers must eliminate the
performance gap between laboratory small-scale
trials and large-scale practical applications. Because
in real large-scale application scenarios, time-varying
environmental variables such as temperature and
solar irradiation will significantly affect the
metabolic efficiency of organisms in the system and
their ability to remove pollutants, which cannot be
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replicated by the controlled environment simulations
in laboratories (Ibrahim et al., 2023; Velasquez-Orta
et al., 2024).

In addition to these core fundamental
challenges, to ensure the system operates stably in
complex and variable large-scale field environments,
another task must be fully executed: the long-term
stability of the microbial community within the
system must be optimized to withstand the impact of
exogenous biological contamination, preventing
miscellaneous bacteria from disrupting the entire
system's operation (Fard & Wu, 2023).

Therefore, subsequent research must first
develop a reliable automatic control system that can
adjust the influent wastewater nutrient load and the
hydraulic retention time of water in the reactor at any
time based on real-time collected operational data.
Even if the quality and quantity of incoming
wastewater change continuously, the reliability of the
system's operation can be maintained without
disruptions (Nordio et al., 2023). To address these
complex operational issues, dynamic control
strategies driven by advanced sensors must also be
applied to minimize the negative impact of
environmental fluctuations on biological reaction
rates (Casagli et al., 2025; Chen et al., 2021).

Another critical task is that to transform
these technologies from isolated laboratory
prototypes into reliable urban infrastructure that can
operate year-round, the current information gaps in
system design, routine maintenance, and hydraulic
performance must be filled; without this data, the
technologies cannot be implemented (Kumwimba et
al., 2023).

As long as the core ideas of research and
construction are shifted toward resource recycling
and distributed facility deployment, these biological
water systems can transform from unproven novel
concepts in laboratories into core components of
urban water management that support urban
sustainable development and withstand climate risks
(Nwokediegwu et al., 2024). To achieve this
transformation, it is necessary to move beyond the
old linear treatment model that only discharges
wastewater after meeting standards, and embrace the
new integrated resource recovery paradigmtreating
wastewater as a key raw material for producing
nutrients and energy, rather than useless waste
(Christou et al., 2024).

4.2 Research Objectives

To fill the gaps in existing research, this study sets
four core objectives to advance the research content
step by step.

RO1: Evaluate the technical performance of
biological water systems in urban water treatment,
specifically covering pollutant removal, nutrient
recovery, water reuse, and operational efficiency.
RO2: Compare biological water systems with
traditional urban water treatment infrastructure to
assess their environmental and economic
sustainability.

RO3: Investigate how biological water systems
support circular resource management and urban
resilience building, with specific content including
water reuse, resource recovery, flood control and
disaster mitigation, and climate adaptation.

RO4: Develop an integrated multi-dimensional
framework for evaluating and supporting the
implementation and large-scale promotion of
biological water systems in various urban scenarios.

4.3 Research Questions

Focusing on biological water systems in the field of
urban water management, this study proposes four
specific questions around its core research directions
to clarify the core content to be verified one by one:
RQI: In urban water management, what is the effect
of biological water systems in improving pollutant
removal, nutrient recovery, water reuse, and
operational efficiency?

RQ2: Compared with traditional urban water
treatment infrastructure, what is the environmental
and economic sustainability performance of
biological water systems?

RQ3: How can biological water systems support
circular resource management and enhance urban
resilience to water-related and climate-related
challenges?

RQ4: To develop an integrated framework for
evaluating and promoting biological water systems in
urban environments, what technical, environmental,
economic, operational, and institutional factors need
to

V. Proposed Preliminary Conceptual
Framework
Assessing the sustainability and scalability of
biological water systems to provide long-term
effective water treatment with potential to be ‘scaled
up’ from studies conducted on small systems at single
locations to other locations, requires an assessment
from within the interconnecting perspectives of
technical performance, environmental sustainability,
economic sustainability, operational sustainability
and institutional readiness. The assessment cannot be
limited to a single end measure but must be
conducted from within all five interconnecting
perspectives using a recently integrated framework
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into the body of knowledge on biological water
systems. This framework, which is of a preliminary
nature, can be used to assess various scenarios. For
instance, verification of design parameters against the
requirements for the treated water, verification of
environmental sustainability in order to ensure long-

term sustainability, assessment of costs against
affordability limits, assessment of a workforce
against the thresholds required for sustainability, and
verification that rules and supporting conditions for
the sustainable management of the system are in
place.

Framework Indicative considerations Immediate outputs Long-term outcomes
dimension
Technical Pollutant removal; nutrient recovery; |Improved effluent quality; Reliable and scalable
performance water reuse; hydraulic performance; [recovered water and nutrients; |biological treatment
process stability; treatment efficiency|reduced pollutant loads
Environmental (Energy demand; carbon footprint;  [Lower resource intensity; Climate adaptation and
sustainability biodiversity; ecosystem services; ecological co-benefits; ecological resilience
life-cycle impacts reduced emissions
Economic Capital and operating costs; life- Cost savings and potential Long-term financial
viability cycle costing; resource valorisation; [value recovery feasibility
avoided infrastructure costs
Operational Maintenance; land requirements; Stable operation and Replicability across
feasibility monitoring; automation; climatic manageable maintenance urban contexts
variability; system robustness
Institutional Governance; regulation; stakeholder |Implementation capacity and |Mainstreaming within
readiness coordination; planning integration; |regulatory alignment hybrid green-grey
policy support infrastructure

Bio-technologies and nature-based
solutions are implemented in the framework as the
intervention layer. Their performance depends on the
site characteristics, the quality of the influent water,
the climate, the scale, the infrastructure, the required
maintenance and the institutional governance. Five
dimensions are evaluated which have an influencing
effect on the so-called intermediate outcomes, such
as the removal of pollutants, the reuse of water, the
recovery of nutrients and energy as well as the
attenuation of runoff. Long-term results and linkages
with grey infrastructure can support circular
economy and urban resilience goals. Biological water
systems are seen within the framework as socio-
technical and ecological systems in urban contexts.

The review also addresses the hybridization
function of Water Systems. As there are very few
examples of the implementation of Water Systems at
the municipal scale, the literature rather suggests a
strategic integration of bio, blue-green and grey
technologies. Decentralized treatment options
combined with options for resource recovery which
are linked to centralised water supply systems offer
cities a flexible way to deal with climate variability,
flood events, water scares and changes in water
resource demands.

6.0 Discussion

The author claims that Water Systems can
be viewed as Multi-Functional Infrastructure as

opposed to just Treatment Technologies. Such
systems can provide a number of benefits including:
water to be treated for removal of contaminants;
water to be reused; resources to be recovered from
wastewater; flood management and mitigation;
ecological services for biodiversity; carbon storage;
and urban liveability. Single disc systems such as the
conventional and the biological (used here) have
flawed performance summaries because although
they may remove pollutants from water, other
barriers (such as land requirements, high
maintenance, climate sensitivity, institutional
fragmentation, and economic risk) can preclude their
use at larger scale.

Leb-animals-water systems are essential,
context-dependent components of an integrated
hybrid infrastructure strategy (Taking et al., 2025).
These systems can ensure the resilience of urban
water systems by utilizing nature-based solutions in
combination with grey infrastructure to deal with
hydrologic extremes in a changing climate, while at
the same time providing ecological and social
benefits (Coletta et al., 2024). Strategic hybrid
planning is required in order to design and implement
these types of systems successfully at the municipal
scale (Hendricks & Dowtin, 2023). In order to
evaluate the long-term performance of these types of
systems and allow for their large-scale application,
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standardized monitoring tools are required
(Monachese et al., 2024; Rubi & Hack, 2021).

Longitudinal studies based on databases and
a standardized search strategy could help address the
site-specific challenges encountered with pilot
studies (Takin et al., 2023). Frameworks for effective
municipal engineering with ecological design are
needed in order to enable water management systems
to be resilient in their performance under changing
climate conditions (Penning et al., 2023; Santos,
2025). Future urban water management could thus
become an adaptive, sustainable and long-term
system of resources for future generations of city
dwellers (Rajan, 2025). The ‘pilot study’ of nature-
based solutions for water management can therefore
not be isolated from urban water management in
general but must be integrated into a waterto-urban
system-based and evidence-based strategy for urban
water management.

In order to develop and implement this kind
of integrated and adaptive strategy for urban water
management, research within a co-generative
paradigm is needed that integrates hydrology, urban
planning and ecological engineering (Hoegh-
Guldberg et al., 2026; Rey et al., 2026). This kind of
research is essential to respond to global change and
its impacts on human and natural infrastructure
(Groffman et al., 2023). State-of-the-art technology,
like artificial intelligence, or data-driven monitoring
and modeling will also be necessary to assess the
potential of nature-based solutions for different types
of landscapes under different climate scenarios
(Mabrouk et al., 2025). Governance structures need
to be standardized in order to bridge the gap between
local ecosystem services provided by nature-based
solutions and regional water cycle management
(Fletch 2023).

Future research therefore has to focus on
developing a multidisciplinary evaluation framework
for assessing green and nature-based solutions within
the wvarious perspectives, and by doing so,
recognizing the inherent biophysical and geo-spatial
dependencies of urban water systems (Dubois et al.,
2025). Decision-makers, engineers, local
stakeholders and other relevant parties have to work
together within a transdisciplinary framework in
order to design and implement effective and
successful implementation strategies for such eco-
technologies that are fit for purpose at both site- and
larger landscape-scales (Christopher et al. (undated);
Frantzeskaki et al., 2024; Pickett et al., 2024).

To promote a transdisciplinary approach to
assess green and mixed urban water systems, future
research should focus on the development of holistic
multi-dimensional evaluation frameworks to assess

and manage the trade-offs between the different
biophysical performance metrics of interest for urban
water management, while acknowledging the
corresponding intra- and inter- dependent socio-
geographical factors that affect urban water systems
(Dubois et al., 2025). Multi-dimensional assessment
frameworks will enable decision makers to better
understand the effects and trade-offs of the many
possible different implementation strategies that are
available to achieve the site-specific and broader
landscape-scale objectives for urban water systems
(Christopher et al., 2018). In order to move beyond
the current institutional lock-in of conventional grey
urban water management infrastructure
(Frantzeskaki et al., 2024), new assessment and
implementation strategies are needed to support the
design and management of flexible and adaptive
urban water environments that can support a wide
variety of possible development paths and that can
change over time to reflect new needs, and
opportunities, as they arise (Pickett et al., 2024).

A major tool for characterizing long-term
hydrologic performance of urban systems under
changing climate conditions will be deterministic-
stochastic modeling (Prodanovi¢ et al., 2024). A
detailed description of different levels of process-
based complexity for representing hydrologic
processes, as well as for representing different urban
water systems, will enable a pragmatic assessment of
process-system complexity for urban water systems
planning at local to global scales using different
spatial resolutions, including coarse spatial resolution,
within the framework of newly developed
computational tools (Li et al., 2024). Monitoring and
evaluating governance-oriented metrics, such as
cooperation among institutions and a system’s
capacity to enforce policies and regulations, within
the framework of evaluating urban ecosystem
services will facilitate assessing a system’s ability to
sustain itself in the long term (Mo & Xiao, 2026).

Additionally, the poly-dimensionality of
stressors has to be acknowledged and managed
within and across domains by means of site-specific
vulnerability (Sauer & Chang 2023). There is a need
to move from a reactive, fragmented water
management to a proactive, data-driven water
management system that attributes equal value to
ecosystem services and human wellbeing (Nlend et
al., 2025).

Considering the stated main findings, it is
paramount to adopt an integrated approach for
evaluating Urban Water Systems, i.e., that also
considers environmental benefits, economic viability,
operational reliability, as well as the institutional
capacity to implement the technology in a sustainable
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manner over the long term. In other words, just
measuring technical performance will not lead to
sustainable implementation of bio-based systems,
rather all conditions have to be related to each other
and to the treatment performance in a standardized
framework.

VIL Implications for Research, Policy and
Practice

The framework serves as a foundation for
researchers to develop appropriate indicators to test
hypotheses regarding the complex interactions of
Technology, Environment, Economy, Operations
and Institutions. It provides a structure of the six
dimensions of small and medium sized biological
water systems and their evaluation in terms of
performance in biological and conventional water
treatment systems in urban settings. The study could
also include assessments of life cycle costs and of
process performance using simulation models in
order to identify the best combinations of different
biologic and conventional treatment elements for
reliable performance in different climates, locations
and socio-economic contexts.

Policymakers, municipalities, water utilities
and planners in cities and towns globally should
consider evaluating the potential of biological water
systems for urban water management, in addition to
their typical assessment criteria for wastewater
treatment systems. The above framework can support
integrated assessments of the opportunities and
constraints for different biological water systems, at
site scale as well as at larger landscape scale, and thus
help to compare different solutions, rather than
treating nature-based and bio-based solutions as
separate ‘demo’ projects.

VIII. Limitations and Future Research
First, the framework has not yet been tested
empirically. Thus, the relative weight of the different
dimensions might differ greatly between a specific
technological solution, a city or area, a specific
climate region, a given set of rules and regulations,
and so on. Importantly, the various studies reviewed
in this paper were conducted under different system
boundaries, for different time spans, by applying
different sets of indicators, and by reporting results in
vastly different ways. Therefore, comparison among
the various studies is inherently difficult. Finally,
new technologies, monitoring tools and modeling
strategies are rapidly emerging, and many of the
biological modules which have been studied until
now may cease to be technologically or economically
feasible. Hence, all the above points need to be
investigated in more detail in future research.

Future research within the field of bionic
water systems will have to focus on the validation of
the presented framework by means of full-scale long-
term case studies. More detailed system-based
standardised indicators for the evaluation of technical,
environmental, = economic,  operational  and
institutional performance of bionic water systems as
well as of conventional and hybrid systems have to
be developed. In addition, research is needed to
reveal the impact of different governance, rules and
regulations, stakeholders, automation of decision-
making, and innovation as well as data-driven
monitoring and management on the scalability of
bionic water systems. The framework has to be
sensitive enough to account for differences in local
contexts while at the same time offering sufficient
transferability —of decision-making rules for
application in various urban settings. Empirical
verification of the conceptual framework within this
field of research is clearly needed.

IX. Conclusion

A Dbionic water system consists of water
treatment, water recycling, recovery of resources
from water, ecological services and climate change
adaptation for urban water management in a
sustainable way. This is in contrast to the commonly
practiced approach of concentrating on wastewater
treatment in sewage systems using conventional
technologies.

However, building and running bionic water
systems as small treatment plants for separate
sewerage is not possible with just good technical
performance. Also the many long term environmental,
economic, operation and management aspects of
urban water systems have to be looked at to assess the
needed conditions for large scale and sustainable
implementation of bionic water systems. Therefore
this study proposes a multi-dimensional framework,
for the assessment of bionic water systems, including
the technical performance and the five other
conditions.

Our analysis builds upon and organizes the
previous conditions to establish an initial five
dimensional analytical framework of the conditions
required for the viable, large scale implementation
and operation of a biological water system. We term
the five dimensions technical performance,
environmental sustainability, economic viability,
implementation viability and governance viability or
the readiness of management institutions.

The five dimensions discussed above relate
to the specific outputs that the initiatives for bionic
water systems can achieve. These are removal of
pollutants from water, recovery of reusable water and
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nutrients, prevention of stormwater runoff, provision
of ecological services, and, ultimately, the support of
circular resource management in enhancing urban
resilience. The green-gray integration model is
further used to describe a practical approach for
large-scale implementation of bionic water systems,
whereby bionic green water systems are integrated
with existing traditional (gray) water infrastructure to
form part of a hybrid system. This approach does not
require a complete swap of all existing traditional
water infrastructure. Instead, there is potential for
new bionic infrastructure to be built while existing
traditional infrastructure continues to function. In
addition, there are also potential cost savings, as well
as political resistance to development of new
infrastructure can be avoided.

As this is an initial theoretical outcome much work is
needed to establish the framework within practical
contexts to enable its validation and hence become a
mature decision support tool. This study will serve as
a catalyst to provide a unified framework for
researchers and practitioners within the cross-
disciplinary community to develop the framework,
using comparative studies, and to have an enabling
framework to have cross-sector dialogue amongst
stakeholders, including engineers, planners,
policymakers, water utilities operators and managers,
and the community at large.

Future research needs to be conducted on-
site in order to develop indicators, thresholds and
decision rules for each specific context. Eventually
this framework will enable all types of urban
environments to move towards the large-scale
implementation of bionic water systems based on
empirical evidence.
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