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Abstract

Water resources are the key to human well-being, economic growth, and ecosystems, but
the growing pressure on them is caused by climate change, high population rates, industrial
development, and unsustainable consumption. The quality of water degradation, overex-
ploitation of groundwater, and the growing water scarcity pose a significant threat to the
sustainability of the environment, as well as international security. This review examines
key drivers and challenges in water resources management, such as climate variability, pol-
lution by traditional and emerging contaminants, lack of governance, and cross-boundary
conflicts. It also discusses innovative solutions like advanced water treatment technologies,
reuse and recycling systems, nature-based approaches, smart monitoring networks, and
integrated policy frameworks that can contribute to a circular and sustainable water econ-
omy. In addition, the interdisciplinary approach, climate-adaptive infrastructure, enhanced
governance, and increased international collaboration are also highlighted as necessary to
attain resilient and equitable water systems. Through a balance between policy innovation
and community participation and technological progress, water resource management will
be able to shift towards ensuring environmental sustainability and also towards enhancing
the implementation of the United Nations Sustainable Development Goals.

Keywords: water resources; sustainability; climate change; water scarcity; pollution; water
reuse; governance; sustainable development goals

1. Introduction

Water is a very vital and scarce natural resource on the earth, which is the basis of
human livelihood, environmental quality, and socio-economic growth. It promotes farming,
industry, and energy generation and is essential in ensuring that there is a balance in the
ecosystem and the health of the people. Nearly 70% of freshwater extraction is utilized
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in agriculture, 20% in industry, and almost only 10% to household consumption around
the world, but almost 2.2 billion individuals still do not have access to safe drinking water
service [1]. Figure 1 shows a global distribution of nations with varying trends of time on
per capita total water withdrawal and total water withdrawal. The figure identifies regional
variations between continents and categorizes the trends that have been observed into the
rising, inverted U-shaped and wave patterns, offering a cohesive deal of how the water
withdrawal patterns change worldwide [2]. Areas with emerging withdrawal patterns are
usually typified by high population growth, urbanization, and growth of water-intensive
agricultural or industrial systems that strain drinking water sources. Conversely, inverted
U-shaped patterns, which are also typical of most Organisation for Economic Co-operation
and Development (OECD) countries, suggest a period of growing withdrawals followed
by a plateau or even a reduction, due to gains made in water-use efficiency, structural
economic changes, and an enhanced system of drinking water management and control.
Wave-type paths commonly reflect zones with high climatic variation, economic swings or
policy shifts that lead to a sporadic rise and fall in water withdrawals that may temporarily

undermine drinking water reliability and distribution among the sectors.

Legend
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Figure 1. Global distribution of countries according to the temporal trends of water withdrawal.
Colored symbols represent trend types of per capita total water withdrawal, including rising type,
inverted U-type, and wave type, while shaded patterns indicate corresponding trend types of
total water withdrawal. Continental labels are provided for spatial reference, illustrating regional
heterogeneity in water-use dynamics across North America, South America, Europe, Africa, Asia,
and Australia [2].

The increasing rate of global change that is being accelerated by climatic variability, a
high rate of population growth, urbanization, and industrialization has, however, exerted
unprecedented pressure on the global water systems [3,4]. All these factors have not only
aggravated water scarcity but also deteriorated water quality, disrupted the hydrological
cycles, and endangered the stability of natural and human systems [5-7].

The water resource is strategic and cross-cutting in the concept of environmental
sustainability, which integrates ecological wellness and economic integrity, social justice,
and global sustainability [7]. The nexus of water, energy, and food is also another theme
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that emphasizes the need to manage the interdependence of water availability, energy
production, and food security as a whole [4]. The excessive pumping of groundwater, poor
irrigation methods, and poor wastewater management channels are continuing to drain
freshwater resources and reduce the quality of water in most parts of the world. Moreover,
agricultural runoffs, industrial effluents, and untreated municipal wastewater have caused
pollution, which has caused the formation of a complex combination of pollutants [8,9]. The
discharge into the freshwater systems includes nutrients, heavy metals, pharmaceuticals,
microplastics, and per- and polyfluoroalkyl substances (PFASs), the occurrence of which
poses a threat to aquatic and human biodiversity [10]. When combined, these pressures
pose enormous problems as far as fair access to clean and safe water is concerned [11].

Climate change is another problem, which contributes to the burden of water resource
management in the world. The reactions to the shift in the precipitation patterns, more
droughts, the melting of the glaciers, and the rise in the rates of evapotranspiration are
altering the precipitation pattern and water availability in the region [12]. The rising
number and severity of floods, cyclones, and extended dry seasons are threatening the
water supply reliability and are devastating major infrastructure. It is estimated that
almost fifty percent of the world population will suffer water stress by 2050, with the worst
effect being encountered in arid and semi-arid areas in Africa, the Middle East, and South
Asia [13]. Large cities like Delhi, Cape Town, and Sao Paulo are already experiencing a
dwindling groundwater supply and increasing water pollution problems [14]. Although
technological solutions have been researched extensively so far in an attempt to resolve
these problems, the current research tends to treat the technological, governance, and
policy aspects separately. Consequently, it has inadequately integrated appraisals that
comprehensively review the interaction between governance structures, multisectoral
policies, and intersectoral cooperation and technical interventions. Such complicated issues,
thus, cannot be resolved solely by using technological innovation, which should explain
the necessity of a more holistic and interdisciplinary approach to research [11,15,16].

In addition to the physical and environmental factors of the problem, the water prob-
lem also has deep origins in the problems of governance, institutional, and socio-political
factors. The problems that remain as obstacles to effective water management include
decision-making that is in pieces, cooperation across boundaries, lack of transparency of
data, and poor enforcement systems [17]. Even though the concept of integrated water
resources management (IWRM) has gained popularity and prominence across the world,
conflicting interests, financial constraints, and fragmented institutions are impediments
to the successful implementation of IWRM [18]. The solutions to the conflicts of interest,
the enhancement of financing mechanisms, and the better coordination of institutions
play a significant role in advancing the effectiveness of IWRM. The policy initiatives in
the future must thus not be confined to technical integration but also take into account
governance reforms and capacity building. Multi-level governance that entails the real-
ization of technological innovation based on an inclusive policy framework, stakeholder
participation, and socio-economic equity should therefore be required in the management
of water sustainability and fairness [19].

This review will contain a critical and broad evaluation of the current situation of water
resources management in the general framework of environmental sustainability. Although
many extensive reviews have been conducted on the subject of the sustainable management
of water resources, they usually focus on one of the facets of the issue, without undertaking
an overall evaluation, which would be taken into account on a technical, ecological, and
governance level. This review analytically reviews the major issues, such as hydrological
variability due to the climate, the rise in water scarcity, pollution, and contamination,
groundwater depletion, and the constraint of governance. At the same time, it reflects on
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innovative and advanced solutions to such challenges as new water treatment technologies
(e.g., membrane filtration, nanotechnology, and energy-efficient desalination), nature-based
solutions (NbS) to ecosystem restoration and flood prevention, digital water systems made
by the Internet of Things (IoT) and assisted by artificial intelligence (AI) to monitor in
real time, and policy innovations that could enable a circular water economy and climate
resilience. Through a combination of these points, the research offers practical ideas that can
be used in planning, management, and policy formulation of water resources sustainably.

The proposed review is a multidisciplinary review that synthesizes technology, eco-
logical, and governance perspectives and links the engineering, ecological, economic, and
social policy disciplines in a systematic manner. It acknowledges the role of international
partnership and community participation in sustainable water management, as well as
global development targets of the United Nations Sustainable Development Goals (SDG
6: Clean Water and Sanitation; SDG 13: Climate Action). These interdependent themes
are synthesized to form the structure of the review and guided by the hypothesis that
through the reduction in technological innovation, nature-based solutions, and reinforced
multi-level governance, the resilience, equity, and sustainability of global water systems
could be enhanced. This integration is what makes this review realize its purpose through a
critical analysis of interactions between technological, ecological, and governance solutions
and provides actionable information to research, policy, and practice to support sustainable
and resilient water futures.

To achieve this goal in an organized way, this review will be structured in the follow-
ing way. Section 2 reviews the major challenges that are associated with modern water
resources management, which are hydrological variability due to climate, growing water
scarcity, pollution, and contamination, groundwater depletion, and governance constraints.
Section 3 reviews the significant response pathways, especially the technological progress
in water treatment and monitoring, natural methods of ecosystem restoration and risk
management, digital water systems to facilitate real-time monitoring and decision making,
and policy and governance innovations to facilitate adaptive and inclusive management.
Section 4 details how these techniques can fit into a systemic approach with an emphasis
on prioritization, decision-making, and feasibility of implementation in various socio-
economic and institutional contexts. Section 5 summarizes the findings and provides major
future research, policy, and implementation directions to further develop sustainable and
resilient water resources management.

2. Current Challenges in Water Resources Management

The existing issues in the area of water resources management are multidimensional
and interconnected and might create a threat to environmental sustainability, the welfare
of the population, and economic development. These include climatic changes and hy-
drological uncertainty, increasing water scarcity and pressure, water quality deterioration
through pollution, and extensive institutional, governance, and transboundary coordi-
nation loopholes. All these problems are inter-related, and thus, holistic management is
highly essential. Holistic management in this case implies the combination of technological
solutions (e.g., advanced water treatment and digital monitoring systems), ecological and
nature-based (e.g., ecosystem restoration and flood management) ones, efficient governance
and policy frameworks, and active stakeholder and community involvement so that water
resources could be used sustainably, justly, and resiliently [20].

2.1. Climate Change and Hydrological Variability

Climate change and the accompanying changes in the hydrological cycle are affecting
the change in its very core, and this is being experienced in the form of more droughts,
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more and more intense floods, unpredictability, and a major shift in the process of surface
water and groundwater [21]. The warming caused by humans, as one such example, causes
an increase in evapotranspiration and a variation in the precipitation regimes, and in turn,
the change in the amount, time, and space of water resources [6,20,22]. These changes have
a direct effect on urban systems, agriculture, and hydropower. Precipitation timing and
intensity variations cause changes in reservoir inflows and result in a discrepancy in the
timing of water supply and demand. This impacts hydropower production and the stability
of irrigation and city water supplies [23]. Figure 2 illustrates climate-induced variability in
runoff and evapotranspiration.
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Figure 2. Schematic diagram of the coupled ecohydrological model and water resources system
optimization aided by the Water Resources Graphical Interface (WARGI) [23].

The effects of climate variability on reservoir performance can be evaluated using
coupled ecohydrological and management modeling frameworks, for example, by inte-
grating watershed-scale hydrological models such as the Soil and Water Assessment Tool
(SWAT) or the Variable Infiltration Capacity (VIC) model with reservoir operation models
including the Hydrologic Engineering Center—Reservoir System Simulation (HEC-ResSim)
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or RiverWare, thereby jointly simulating inflows, ecological responses, and operational
decisions under alternative climate scenarios. These panels illustrate how climate-driven
runoff changes interpret reservoir storage and service reliability.

An example of the application of a coupled ecohydrological-management modeling
framework is the impact of low snow accumulation in mountain catchments and shifts
in melting seasons, which alter river flow timing and reduce summer base flows criti-
cal for irrigation and hydropower production [6]. Unpredictable precipitation further
increases the risk of flash floods in urban and rural water systems while reducing aquifer
recharge, thereby threatening groundwater security [24]. Integrating artificial intelligence
(AI) and advanced modeling techniques enhances the predictive capabilities of such com-
plex systems [25]. Al refers specifically to data-driven machine learning and deep learning
approaches (e.g., artificial neural networks and related architectures), which learn nonlinear
relationships from large observational and remote sensing datasets, rather than to purely
mathematical or deterministic models. The Al-based models enhance the simulation of the
streamflow and groundwater dynamics to offer more credible estimations of system condi-
tions and short-term forecasts that directly operate the reservoir, flood preparedness, and
water allocation choices [26]. Indicatively, Al has enhanced the utilization of satellite-based
hydrometeorological information on streamflow and groundwater prediction of ungauged
or data-sparse basins by enhancing the quality, precision, and retention of remote sensing
outputs. Al is primarily applied as a data enhancement and preprocessing tool, rather than
as a stand-alone predictor, acknowledging the limited availability of in situ training data in
such basins. Deep learning algorithms can predict the spatial down-sampling and bias of
the precipitation and soil moisture projections with the topographic and land-surface char-
acteristics and machine learning processes extrapolating the time gaps to produce coherent
time sequences [27]. The improved quality of inputs through these Al-based preprocessing
and forecast advances provides better inputs to hydrological and ecohydrological models,
thereby improving the quality of management-relevant outputs including inflow predic-
tions, drought signals, and lead times of floods, which the management uses in operational
decisions and long-term water resource planning [28]. Figure 3 illustrates the schematic
of Al-enhanced preprocessing of satellite data for hydrological modeling, highlighting
how high-quality inputs support reliable predictions and actionable decision-making in a
coupled ecohydrological-management context.

Nevertheless, important research gaps remain, as many hydrological models have
limited capability to represent nonlinear hydrological processes, coupled land-use and
climate change impacts, and dynamic feedbacks arising from human water-use decisions.
These restrictions underline the need for advanced approaches and models that would take
into consideration a range of different scenarios and parameters to improve the precision
of hydrological performance [29]. In addition, the findings emphasize the importance of
socio-economic and environmental strategies on water resources management to mitigate
the adverse effects of climate change. This includes optimizing reservoir activities and
modifying the strategy of managing extreme hydrological activities in an attempt to enhance
the sustainability of water resources [26]. These have significant implications for the
formulation of integrated, adaptive, and climate-resilient water management strategies
that will be resilient to future climatic and hydrological uncertainty [30]. Despite these
advancements, there are still significant gaps in the research, especially in the capacity to
forecast and comprehend the joint impacts of climate change and land-use change on water
resources. It requires stronger and flexible models to capture these dynamic processes and
their long-term impacts on water availability and quality [29].
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Figure 3. Conceptual framework of Al-enhanced satellite data preprocessing for hydrological mod-
eling. Satellite-derived inputs undergo Al-based downscaling, bias correction, and temporal in-
terpolation to produce high-resolution, bias-adjusted, and gap-filled datasets for streamflow and
groundwater prediction [27].

2.2. Water Scarcity and Stress: Socio-Economic and Transboundary Drivers

Water scarcity is one of the most pressing issues of contemporary water resources
management because this factor occurs when the demand for water is too close or exceeds
the supply amount, and the situation is characterized by the appearance of water stress and,
in the most extreme cases, water crisis. From a hydrological perspective, scarcity reflects
limitations in both blue water (surface water and groundwater available for abstraction) and
green water (soil moisture available for rainfed agriculture and ecosystems), particularly
under climate variability and change. This imbalance is further increased due to regional,
temporal, and sectoral variability, and there are some very strong effects in the various
geographies and water-use sectors [31]. In these areas, it is possible to identify several
typical causes of water crises, such as large-scale agricultural water abstractions, accelerated
population increase, industrial water needs, insufficient infrastructure development, and
governmental issues.

As an example, the North Slope of the Tianshan Mountains in China faces a lack as
irrigation requirements are on the rise, but some are replenished by the rain and glacier
runoffs [32]. Such systems highlight the coupled role of green water from precipitation
and blue water from meltwater and rivers in sustaining agricultural production. Likewise,
in South Africa, water scarcity is exacerbated by population increase and pressure and
water pollution, which forces water to be utilized more efficiently with alternative supply
systems to prevent allocation crises [33]. Stress in megalopolises leads to water scarcity
due to residential and industrial water consumption and inadequate infrastructure in
the world [34]. To overcome them, better functioning and coordination of the water
management tools (including rules of allocation, price mechanisms, monitoring) and
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redistribution of water between lower-value and higher-value water in the sectors are
needed, considering social and environmental limitations [33,35,36].

These instances explain that although there are local distinctions, the real drivers
are, in most cases, similar: agricultural over withdrawal, inadequate infrastructure,
inequality in policy applications, and socio-economic strains. Climate change further
alters the balance between blue and green water availability, amplifying vulnerability
in arid and semi-arid regions. In addition, governance issues are often exacerbated
by water shortages and water stress in transboundary basins. The overlapping and
even opposing national policies, competing water rights and imbalance in power
and access to data on shared river systems may escalate scarcity and exposure to
conflict [34]. Under these circumstances, poor coordination and lack of cooperative
structures convert hydrological stress to a compound socio-political risk, highlighting
governance as a driving factor and not a problem. The ability of economies to be
resistant to a water shortage also differs significantly. The physical water availabil-
ity is not the sole determinant of hydro-economic vulnerability; economic structure,
resilience of infrastructure, and inclusion into the global supply chains are also deter-
minants of vulnerability. As an illustration, in some of the fast-developing Chinese
cities, hydro-economic risk is high with water shortage, which portrays how urban
demand, industrial reliance, and local supplies interrelate and lead to water stress.
These examples show that a combination of management issues that deal with phys-
ical scarcity and socio-economic exposure is significant. Water scarcity has a direct
impact on agricultural production because the availability of water is the measure
of the capacity to meet increased food demands. Therefore, the drivers of scarcity
act on hydrological, socio-economic, and institutional levels, and all these aspects
are interconnected and, therefore, should be managed as a whole [31,37,38]. Table 1
summarizes recent research on hotspots of arid /agricultural regions, transboundary basins,
and regional water-stress zones highlighting how growing demand, shrinking supply, and
institutional/regional inequalities collectively drive water stress. By synthesizing these
regional examples, the review identifies generalizable patterns and drivers that can inform
both context-specific and broader water management strategies.

Table 1. Summary of recent empirical studies examining water-scarcity hotspots across diverse
geographic and governance contexts.

Hotspot Type

Research Focus and Key Findings References

Arid/agricultural regions

A study from Saudi Arabia (Al Kharj region) found rising
water scarcity driven by demand and climate vulnerability;
used Structural Equation Modeling (SEM) modeling with
525 respondents.

[39,40]

Arid/global overview

Global study identified 21 water-scarcity “hotspots”
classified into 7 clusters; drivers include hydro-climatic [41,42]
change, population growth, agriculture.

Transboundary basins

Global assessment under SSP/RCP scenarios: water stress in
transboundary basins could double by 2050 under high [43]
emissions/population growth.

Study of “Steep sustainability challenges in transboundary

Transboundary/governance basins worldwide”: shows inequities and resource stresses  [44]

in shared basins.
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2.3. Pollution and Quality Degradation

Conventional pollutants, including nutrients (nitrogen and phosphorus), organic
matter, as the biochemical oxygen demand (BOD) and chemical oxygen demand (COD), as
the measure of the total oxidizable organic load (biodegradable and non-biodegradable
fractions), and microbial contamination, which are the main limitations of drinking water
supply, ecosystem health, and wastewater reuse on the global scale, traditionally lead to
the degradation of water quality. Overloading of nutrients due to agriculture and urban
effluents remains the most common cause of eutrophication, hypoxia, and harmful algal
proliferation in the surface waters, and poor sanitary quality, measured in coliform bacteria
and other pathologists, is a direct threat to the health of people. These old water quality
problems are not replaced by emerging contaminants, including per- and polyfluoroalkyl
substances (PFASs), pharmaceuticals, and microplastics; rather, they introduce additional
and increasingly problematic issues (e.g., long-term effects, bioaccumulation, and chronic
exposure). On the same note, dissolved levels of metals are usually not of significant
concern, except in cases like arsenic or iron in groundwater; however, their importance is
again through trophic chain bioaccumulation and biomagnification, and thus, the fish of
higher trophic levels become the predominant target of human health. Based on this, a
comprehensive evaluation of water quality deterioration should entail classic pollutants
that determine the usability of water and new pollutants that make the treatment process
more difficult to manage and therefore riskier [45,46].

A growing number of pollutants, including PFAS, microplastics, and pharmaceuticals,
are contributing significantly to the deterioration of water quality. However, their relative
importance varies depending on persistence, bioaccumulation, toxicity, and prevalence. For
instance, PFAS are highly persistent and widely distributed, posing long-term ecological
and human health risks, whereas certain pharmaceuticals, though more localized, can
disrupt aquatic organisms even at low concentrations. Microplastics act as vectors for
other pollutants and influence trophic transfer across ecosystems, making them a priority
in certain contexts. Stormwater runoff is also important as an avenue of transportation
of these contaminants, which are currently being widely identified as found in both sur-
face and ground water [45]. Figure 4 presents an integrated image of the sources and
respective environmental impact of emerging contaminants, with respect to focusing on the
contaminants that pose the greatest risk to environment and human well-being. As shown
in Figure 4a, domestic wastewater and industrial effluents are the most significant point
sources, with constant inflows of pharmaceuticals, personal care products, industrial chem-
icals, and PFAS. On the other hand, agricultural runoff is non-point, diffuse, and sporadic,
introducing pesticides and veterinary drugs, nutrients, and microplastics into surface and
groundwater. These pollutants are transported in various ways, namely surface runoff,
subsurface leaching, and atmospheric deposition, which characterizes their maintenance
and spatial distribution in the aquatic systems [46]. Figure 4b illustrates the subsequent
ecological and human health impacts, as it dwells upon the mechanisms of bioaccumulation
in aquatic biota, trophic transfer, and degradation of other valuable ecosystem functions
including nutrient control and water purification. Collectively, it demonstrates the com-
plexity and interdependence of water pollution by directly relating different sources of
contaminants, different pathways of transportation (surface runoff, under surface leaching,
and atmospheric deposition), and ecological and human health impacts downstream. Such
interconnection becomes even more important since sources, routes, and consequences
are interrelated and, therefore, require combined treatment technologies and integrated
management systems to ensure the reduction in risks [47].
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Figure 4. Pathways and impacts of emerging contaminants in aquatic ecosystems. (a) Major sources
and transport routes of emerging contaminants (per- and polyfluoroalkyl substances (PFAS), phar-
maceuticals, and microplastics) from urban, industrial, and agricultural origins into water bodies.
(b) Ecological and human health impacts, including bioaccumulation, trophic transfer, and ecosystem

service disruption [46,47].
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The agricultural runoffs, industrial effluents, and untreated municipal water sewage
of the cities are significant sources of water quality degradation. These sources carry with
them pollutants like pharmaceuticals, personal care products, as well as heavy metals into
both the terrestrial and aquatic environments, which are very dangerous to the health of
the human and the integrity of the ecosystem [48,49]. In particular, untreated wastewater
and municipal effluents can be taken as the major sources of these contaminants because
the conventional wastewater treatment plants do not have the technology to fully detox-
ify a great number of pharmaceuticals and personal care products and other emergent
compounds [49]. The processes of ecosystem services like water purification, climate
regulation, and habitat support are likely to be disrupted by such pollutants, resulting
in an unwanted environmental condition. In one case, an example of the unremovable
pollutants and other chemicals present in the structures of rivers may surpass the level of
environmental quality and become hazardous to aquatic life, making the management of
water resources challenging [50]. These contaminants have serious health risks to human
health. Drugs and beauty products that are categorized by the US Environmental Protection
Agency as carcinogens and endocrine disruptors may spill into the drinking water sources,
and they can make the general population develop specific health problems, including
the widespread presence and proliferation of antibiotic-resistant bacteria in contaminated
urban waters [51]. The occurrence of antibiotic resistance in such environments is now
well documented rather than unexpected, reflecting long-term exposure to antibiotics and
other selective agents. Moreover, the presence of emerging contaminants can negatively
influence public perception of drinking water quality, even when immediate health risks
are limited [51,52]. Management strategies of these high-risk contaminants, including
advanced nanofiltration or nano-adsorption treatment technology, must presently be given
top priority in the criteria to reduce the worst threats on water quality, as these approaches
can remove pathogenic microorganisms and resistant bacteria (nanofiltration) and miti-
gate the spread of antibiotic resistance by reducing antibiotics and other selective agents
(nano-adsorption) [53]. Furthermore, better risk governance, which is aided by systematic
analytical procedures and the incorporation of social interests, can be used to recognize
and manage arising risks to water quality in their early stages [52]. These strategies are
important in terms of delivering assurance that the quality of water is not affected and the
environment and human health are not impacted by the consequences of pollution and
deterioration of water quality.

2.4. Overextraction and Groundwater Depletion

Unsustainable groundwater abstraction is a common threat to water security in various
regions of the world, which results in the creation of irreversible loss of groundwater
storage, land sinking, and coastline and deltaic aquifer salinization. Agricultural irrigation
is the main cause of this overextraction, as most of the groundwater abstractions in most
parts of the world occur as a result of agricultural irrigation and way more than that of
industry and domestic. The increased groundwater loss in different locations has been
reported by both satellite gravity measurements and ground research and has identified the
spatial dimension of the losses and the long-term dimension of the aquifer recovery after the
storage has been lost [54-56]. Another frequent cause of saltwater intrusion in coastal and
deltaic regions is over-pumping, which further degrades the quality of groundwater along
kilometers of coastal land, destroying drinking water resources, irrigation systems, and soils.
In order to solve these interdependent problems, taking into consideration the magnitude
and longevity of groundwater shrinkage caused by agricultural activities, the analysis
incorporates groundwater shrinkage effects, modeling instruments, susceptibility measures,
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and control plans into a logical analytic structure that connects perceived shrinkage to risk
examination and control measures.

As a good example, the Mekong Delta in Vietnam: the extraction together with the
alteration of river discharge and sea-level/tidal processes has enhanced the salinity in-
trusion and progression of the saline fronts deep into the land, which have measurable
impacts on the quality of groundwater and agricultural production [57]. This framework
can be used to combine observational data and numerical modeling to have an integrated
perspective on both the physical processes that contribute to depletion and the efficiency
of possible mitigation strategies. Algorithms and tools based on indices are popular in
gauging the vulnerability of groundwater and in aiding groundwater management and
planning choices. Physical numerical models like SEAWAT that model the flow and solute
transport of variable density groundwater allow the analysis of scenarios of saltwater
intrusion based on variable recharge, pumping stresses, and sea-level rise. In contrast,
vulnerability indices such as GALDIT (groundwater occurrence, aquifer hydraulic conduc-
tivity, level of groundwater, distance from the shoreline, impact of existing barriers, and
thickness of the aquifer) based on groundwater occurrence, aquifer hydraulic conductivity,
groundwater level, distance from the coastline, impact of barriers, and aquifer thickness
provide a screening-level spatial assessment to identify areas most susceptible to intrusion.
These methods are complementary when used together with field monitoring data (e.g.,
groundwater levels and salinity): vulnerability indices are used to prioritize and design
monitoring, and numerical models are used to quantify processes and analyze management
scenarios, informing evidence-based decisions in groundwater management [58]. Recent
studies have not only combined SEAWAT with GALDIT to map local time-varying vulner-
ability but also suggested variants of GALDIT to be more sensitive to local hydrogeological
complexity [59]. Table 2 lists the most popular modeling tools, vulnerability indices, and
monitoring methods that are usually used to assess groundwater overextraction and coastal
salinization. Together, these modeling and index-based tools form an integrated approach
that connects physical impacts to risk assessment and management decision-making.

Table 2.
saltwater intrusion.

Overview of key tools and methods used to assess groundwater depletion and

Tool/Method Primary Application Strengths Limitations/Considerations References
Simulates
SEAWAT .freshwa.ter—salh/va?ter High accuracy; supports Requires deta.nled
. . interactions, predicts . ) . hydrogeological data;
(variable-density L . scenario testing; widely . . .
salinity intrusion under . . computationally intensive; [60-62]
groundwater flow and . . validated in s
different pumping, . results sensitive to
solute transport model) coastal/deltaic systems L
recharge, and boundary conditions
sea-level scenarios
Rapid screening of coastal ~ Easy to apply; useful for Static, index-based approach;
GALDIT Index . . : . o
. . aquifer vulnerability regional-scale mapping; may oversimplify complex
(saltwater intrusion . [63,64]
e based on supports management processes; weighting factors
vulnerability index) T, Y -
hydrogeological indicators prioritization may vary by region
Modified Time-varying Improved accuracy; Requires calibration; still
GALDIT/Integrated vulnerability assessment;  captures temporal relies partly on subjective [59]
SEAWAT-GALDIT enhanced representation dynamics; adaptable to index components; higher
Approaches of local hydrogeology site-specific conditions data demand
Detects large-scale Exce.llent for basin to Poor spatial resolution;
GRACE continental scale trends; . .
groundwater requires separation of surface  [65]

Satellite Gravimetry

storage variations

independent of local
monitoring networks

water/soil moisture signals
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Table 2. Cont.
Tool/Method Primary Application Strengths Limitations/Considerations =~ References
In Situ Monitoring High accuracy at local Sp.a'rse networks 1 many
. . Local groundwater level . regions; maintenance and
(piezometers, sampling, L. . scale; essential for [66]
- and salinity monitoring . . S long-term
geophysical surveys) calibration/validation . .
consistency required
Numerical Simulate groundwater Flexible; widely used; lel,.[ed in representing
. density-dependent flow
Groundwater Models flow, depletion trends, supports without extensions: requires [67,68]
(MODFLOW, FEFLOW) and impacts of pumping management scenarios sTed
expert setup
Index-Based
Water-Stress Tools Assess long-term Simple and widely Does not capture salinity
(extraction-to-recharge  sustainability of pumping  applicable; requires dynamics or [69,70]

ratio, groundwater
stress indices)

relative to recharge

minimal data

spatial heterogeneity

Mitigation and adaptation strategies cut across engineering, nature-based, and gover-
nance measures. Mitigation and adaptation strategies span engineering, nature-based, and
governance measures. Managed Aquifer Recharge (MAR) implemented through recharge
basins, infiltration galleries, or induced riverbank filtration has been shown to be effective
in restoring groundwater levels and buffering seasonal deficits under site-specific condi-
tions, particularly in aquifers with suitable hydraulic properties, adequate storage capacity,
and compatible recharge water quality. Coastal and alluvial evidence shows that MAR has
the potential to reduce groundwater depletion and saltwater intrusion when recharge rates,
clogging potential, and geochemical compatibility are well controlled and when MAR is
incorporated into monitoring and adaptive management frameworks. By integrating MAR
with vulnerability assessments and modeling outputs, interventions can be prioritized and
designed for maximum effectiveness.

General reviews as well as regional case studies show that MAR is effective yet varies
in performance and requires specific design and monitoring programs [58,71]. In certain
settings, physical barriers (e.g., cutoff walls and subsurface dams) and controlled pump-
ing plans have the potential to slow saltwater intrusion, but such measures are costly,
technologically challenging, and location-specific; modeling experiments are necessary
to determine how effective they are likely to be before taking action [72]. In addition to
engineering solutions, there should be sustainable groundwater management. Policies
that tie extraction limits to estimates of recharge encourage efficient water utilization in
irrigation, and encourage a reduction in leakage in urban systems, decrease pressure on
aquifers [73,74]. Notably, climate change exacerbates the risk of groundwater, as it slows
down natural recharge and changes freshwater—saltwater ratios, and thus, climate pro-
jections need to be considered in groundwater management and land-use planning. The
integrated framework demonstrates that combining monitoring, modeling, indices, and
management interventions is essential for designing effective strategies that reverse deple-
tion trends and protect aquifer quality. MAR in combination with demand management,
enhanced monitoring (with GRACE and remote sensing), and basin-scale coordination are
the most promising solutions to reverse the depletion trend and ensure the quality of the
aquifer [75,76].

2.5. Governance, Policy, and Institutional Gaps

One of the issues in water resources management revolves around the issue of gover-
nance of competing water uses, whereby various sectors and social groups, including agri-
culture, domestic supply, industry, ecosystems, and energy, tend to compete over the same
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constrained resource. Such conflicts do not only occur because of physical scarcity but also
due to variations in priorities, rights of access, institutional power, and decision-making.
Good governance systems are thus important to make trade-offs, distribute water fairly,
and reconcile between economic growth and social or environmental goals. These issues be-
come more difficult in transboundary and multi-jurisdictional environments, where shared
water resources are governed by various legal, institutional, and policy frameworks, and
these issues have become a primary management issue because of the need to coordinate
and resolve conflicts. Against this context, governance, policy, and institutional gaps play
a very crucial role in the manner in which water-related conflicts are resolved and how
sustainable water management systems can be established. It is under this background
that the role of governance, policy, and institutional gaps is very instrumental in the way
water-related conflicts are solved and how sustainable water management systems can be
developed. Good water resource management extends beyond technical solutions to also
include good governance structures, policies, and institutional integrity. This is because
current challenges in the management of water resources, especially in the areas of gover-
nance, policy, and institutional levels, are related to the weaknesses in the core governance
functions such as fragmented management processes, ineffective transboundary coordina-
tion, and ineffective or absent regulatory processes [77]. Some of this complexity is due
to the fact that institutional arrangements are not aligned with the mobilized resources
to bring about water policies. Such incompatibilities are usually most visible at the stage
of implementation, where high policy aims are sabotaged by capacity, coordination, or
resource limitations. The meso-institutions act as the coordinating interface when policies
and regulations at the macro-level are converted into local practices. Nevertheless, their
presence cannot be considered enough: the absence of explicit mandates, the inability to
coordinate, and the lack of or insufficient authority to enforce mandates of meso-institutions
undermine the vertical integration of policy and directly lead to implementation failures
and disjointed water management performance. Such gaps at various levels of governance
are directly converted into measurable water management consequences, including ineffi-
ciencies in the delivery of services, unequal distribution of resources, and low resilience to
climate stressors. These gaps have been attempted to be addressed by the Objectives of the
OECD Principles on Water Governance, which in reality have had numerous hitches [78].
The other such illustration of the complexity of water governance is the diversification of
the system of governance at the urban level. Such systems need policies that will facilitate
nature-based solutions, including wetland restoration and watershed conservation, to facil-
itate integrated water resources management, which would align water use within sectors
without compromising ecological sustainability [79]. However, local stresses such as exces-
sive land use and economic operations require adaptive administrative processes, which in
the majority of cases are incompatible at the level of governance. The misalignment of local,
urban, and national levels that follow minimizes the efficiency of the policies and prevents
the accomplishment of sustainable water results. These issues might be mediated with the
help of decision-support tools and participatory methods that would offer the integration
of solutions and be specific to the needs of each city [80]. Transboundary cooperation is
particularly essential in regions like Oklahoma, USA, where the government is typified by
two reasons: overlapping jurisdictions and discontinuous authorities [17]. A lack of remedy
for these gaps in governance may result in adverse consequences at different levels, such
as antagonistic access to resources, inefficient distribution, and low adaptability to climate
variability. This breakdown reduces the effectiveness of the policy and the sustainability of
natural resource utilization, which is obtaining increasing importance in the environment
of climate variability and the forecasted rise in extreme weather conditions. Figure 5 shows
a water governance analytical framework which demonstrates that gaps in governance
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functions and attributes are expressed in the form of institutional and policy failures that
eventually impact water management outcomes, sustainability, and resilience at local,
urban, and transboundary levels [81].
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Figure 5. Water governance analytical framework showing core governance functions and attributes
and the manifestation of institutional and policy gaps that affect sustainable and resilient water
resource management [81].

Adaptive properties in the governance systems, though, can be beneficial in boosting
resilience, and thus, the discovery and strengthening of these properties might provide
avenues to improved policy systems [78,81]. The comparative analysis of water policies
in the USA and Africa reveals that there exist differences in the institutional framework
and the need to develop a context-specific solution, which could help to address the local
problems. There is a significant difference in the institutional and governance capacities
to manage water in different regions. In the United States, water governance structures
and infrastructure systems are reasonably developed, and in most African situations, water
management is limited by a lack of capacity to develop institutions, a lack of infrastructure,
and increased vulnerability to climate variability and water shortages and scarcity. This
analogy brings out the role of the gap in governance in the difference in water management
performance and resilience outcomes across regions [33,82].

Therefore, to create resilient water management practices, the process of governance
and stakeholder engagement has to be improved [83]. To govern water well, the idea of
IWRM must be deployed, especially with regard to fulfilling Sustainable Development
Goal (SDG) 6. Implementation and successful operationalization of IWRM, however, is
hampered in most situations because of institutional capacities, resource depletion by
implementing institutions, as well as a lack of knowledge of the IWRM principles and pro-
cesses. The introduction and feasibility of IWRM can be revived by a refreshed focus on the
cross-cultural methods and learning integration [84]. Lastly, individual decision-making
and collective water management goals cannot be easily aligned at the expense of high
transaction costs and need institutional changes and collective action [85]. The interven-
tions will deal with governance gaps at various levels and enhance coordination, which
can directly enhance water management outcomes, sustainability, and resilience to climate
and anthropogenic stresses.

3. Innovations and Emerging Solutions

The ecological solutions, policy, and technology should be combined in the sustainable
management of water. Currently, intelligent development toward energy-efficient and
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adaptable water infrastructure involves a blend of the use of membrane technologies, nano-
materials, and the application of Al-based systems that enhance the real-time monitoring,
prediction, and decision-making of water systems [86]. Nature-based circular water prac-
tices and solutions promote the restoration of ecosystems, wastewater reuse, and climate
resiliency. Fair management is ensured by improvement in governance, engagement of
the stakeholders, and socio-hydrological clarity. A combination of these strategies will
be a multidimensional approach to water and environmental sustainability over the long
term [19].

3.1. Advanced Water Treatment and Process Technologies

The current trends in water treatment technologies have revolutionized modern-day
water management through efficiency in the process, the ability to eliminate contaminants,
and improved energy performance, thereby promoting circular and sustainable water
management. The modern treatment systems are increasingly using membrane-based
systems, nanomaterial-based enhanced processes, and hybrid systems, with membrane
technologies forming the core physical separation step, to counter emerging contaminants
and water shortages.

The fundamental physical treatment processes that enable the separation and removal
of contaminants in advanced water and wastewater treatment systems are membrane tech-
nologies and nanomaterials. Pressure-driven membrane processes as well as osmotically
driven systems employ size exclusion, charge effects, and diffusion-based mechanisms
to remove solids, pathogens, salts, and diverse organic and inorganic pollutants [87,88].
One of the most efficient and scalable approaches for treating diverse water impurities
remains membrane-based technology, such as microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO) [89]. These technologies are being utilized
with proven effectiveness at both municipal and industrial scales. Figure 6 illustrates the
processes of membrane filtration technologies working together when all the filtration is
applied in a sequence of decreasing pore sizes of the filter.

(MF) Ultrafiltration (UF) Nanofiltration (NF) Reverse Osmosis (RO)
2-100 nm 1-10 nm 0.1- 1 nm

N N

MF Filter UF Filter NF Filter RO Filter

Figure 6. Schematic representation of a membrane-based treatment system [89].

Recent trends have been on energy-efficient and fouling-resistant membranes which
enhance flux recovery and lifespan of operation. As an example, the selectivity and
antifouling properties of thin-film composite (TFC) membranes have been improved by
the introduction of hydrophilic polymers or nanofillers, including graphene oxide and
titanium dioxide nanoparticles [90]. Despite their technical maturity and performance
benefits, the widespread implementation of advanced membrane technologies, particularly
RO, remains constrained by high capital investment, energy demand, and operational and
maintenance costs, which often limit adoption to centralized facilities and economically
favorable contexts.
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Hybrid membrane systems integrating the biological processes (e.g., membrane biore-
actors, MBRs) with sophisticated oxidation processes (AOPs) have demonstrated strong
potential in the elimination of pharmaceuticals, endocrine-disrupting compounds, and
microplastics [91,92]. These hybrid systems represent a mid-level technological matu-
rity, balancing high treatment performance with moderate operational complexity, mak-
ing them suitable for advanced municipal and hospital wastewater treatment. Also, the
solar-assisted desalination and pressure-retarded osmosis (PRO) systems offer sustainable
brackish or salty water treatment to reduce energy reliance and carbon dioxide emis-
sions [93,94]. Although these technologies show strong potential for energy recovery
and decarbonization, their large-scale implementation remains context-dependent and is
currently more applicable in pilot-scale or region-specific deployments. Table 3 summa-
rizes all the membrane-based technologies applied in water treatment, their mechanisms,
and applications.

Nanotechnology has increasingly been applied in water purification, especially for
enhancing the adsorption and degradation of persistent and difficult-to-remove pollu-
tants [95,96]. Compared with conventional membranes, nanomaterials offer superior
selectivity and reactivity but are generally less mature in terms of regulatory approval,
long-term stability, and large-scale commercialization. Nanomaterials engineered in the
form of carbon nanotubes, MXenes, and metal-organic frameworks (MOFs) are char-
acterized by high surface area, adjustable porosity, and reactivity. Recent studies have
demonstrated that functionalized nanocomposites are being used in the photocatalytic
degradation of organic contaminants under solar irradiation, which allows the simul-
taneous disinfection and detoxification of contaminants [96,97]. In addition, biomimetic
nanomaterials such as chitosan-based nanocomposites and green-synthesized nanoparticles
are under development to meet the requirements of sustainability and reduce secondary
pollution [98,99]. The introduction of nanomaterials in the existing membrane matrices not
only enhances permeability but also allows selective removal of ions, which is useful in the
zero-liquid-discharge (ZLD) process of industrial wastewater management [100].

Emerging contaminants can be effectively removed using advanced membrane filtra-
tion, nanomaterial-enhanced adsorbents, and hybrid treatment systems; however, their
performance and operational costs are highly context-dependent. While reported removal
efficiencies are often high under optimized laboratory and pilot-scale conditions, full-scale
implementation costs vary substantially with influent composition, target contaminant
classes, energy demand, membrane fouling rates, adsorbent regeneration requirements,
and system integration constraints [101,102]. These reasons underscore the significance
of site-specific design and techno-economic assessment in the process of transfer of new
advanced treatment technologies between the laboratory and the real world.

Table 3.
and desalination.

Recent advancements in membrane technologies for sustainable water treatment

Modification

Key

Membrane Type or Technology Findings/Advantages Application References
o . Graphene oxide (GO) Enhanced ar.ltlfouhng Used for br{clckl'sh

Thin-Film Composite . resistance, higher water desalination;

and TiO, 2 o) 1 [103,104]
(TFC) Membrane 1 . permeability, improved 15-20% higher

nanofiller incorporation -

salt rejection flux recovery

Nanofiltration Hydrophilic polymer Reduced fouling, ]Irzlcllses'tzlxatle;vssszater [105,106]
(NF) Membrane coating (e.g., PEG, PVP) increased hydrophilicity ¢ !

operational lifespan
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Table 3. Cont.
Modification Key s
Membrane Type or Technology Findings/Advantages Application References
Membrane Bioreactor Integration with High removal efficiency Municipal and
(MBR) + Advanced A . .
S photocatalytic TiO, of pharmaceuticals and hospital [107]

Oxidation Process or UV-AOP EDCs (>95%) wastewater treatment
(AOP) Hybrid °
Solar-Assisted Coupled with solar Energy—efﬁaent Small'—sca.le .

. . desalination, reduced desalination in [108,109]
Reverse Osmosis (RO) photovoltaic power . . .

CO, emissions arid regions
. Simultaneous Used in

Pressure-Retarded Hybrid desalination and seawater—-wastewater  [110-112]

Osmosis (PRO)

RO-PRO configuration

energy recovery

gradient systems

3.2. Digital and Smart Water Management Systems

Unlike physical treatment technologies, digital and data-driven water management
systems function as enabling layers that enhance monitoring resolution, predictive capa-
bility, and operational efficiency rather than directly removing contaminants. Artificial
intelligence (Al), machine learning (ML), Internet of Things (IoT) sensing, digital twins, and
decision-support systems (DSSs) collectively support adaptive control, risk anticipation,
and efficient allocation across water treatment, distribution, and basin-scale management.
These technologies are very useful in transfers between space scales; but still, their useful-
ness and scalability are heavily reliant on the availability of data, maturity of infrastructure,
governance abilities, and socio-economic conditions of an area.

The sensor networks based on IoT offer real-time monitoring of important operational
and hydrological parameters, such as transmembrane pressure, flux, indicators of fouling,
energy consumption, and the quality of effluent. The streams of data produced by such
systems can be used in detecting incidents, monitoring systems, leakage detection, and
early-warning systems on both facility and network levels [113-117]. They have been
shown to be effective in centralized city utilities and factory networks [118-120], but scaling
issues have been seen in less-connected regions, either due to low connectivity, maintenance,
or institutional support.

Data analytics obtained based on Al and ML stimulate the digitalization of the water
industry, allowing predictive models and decision support at the utility and basin levels,
and carry out fully automatic control mainly in pilot projects or with highly supervised
processes [121]. These algorithms take advantage of multi-source data (i.e., meteorolog-
ical, streamflow, and groundwater data) to detect nonlinear system behavior, forecast
the fouling formation, optimize operating conditions (e.g., pressure, recovery rate, and
cleaning cycles), as well as minimize energy requirements and chemical consumption over
comparatively simpler rule-based control methods [122]. Empirical modeling, convolu-
tional neural networks, and other data-driven models like the long short-term memory
architecture have been shown to have better predictive power in streamflow forecasts and
groundwater-level estimation and contaminant transport modeling compared to traditional
empirical techniques [123-126].

Digital twins are used as a complement to data-driven strategies to enable the creation
of dynamic virtual water system representations, which combine physics-based process
models with real-time sensor data. With the help of these platforms, the scenario analysis,
predictive maintenance, and optimization of the system under varying influents, demand,
and climatic conditions are made possible [127,128]. Though digital twins and Al-based
decision-support systems are being integrated at pilot and utility levels to support a variety
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of applications, including operational optimization and predictive maintenance, their
prevalence is yet to be achieved. The major limitations are data availability, interoperability
with the existing control infrastructures, and institutional and technical capacity, especially
in resource-constrained environments.

Remote sensing with satellites supplements terrestrial IoT systems with spatially
coherent data on precipitation, evapotranspiration, soil moisture, and surface water pro-
cesses [129]. Integrated into Al-based models and digital twins, such datasets complement
drought and flood early-warning systems and enhance the prediction of water distribution
at the basin scale, especially in data-scarce areas [130,131]. Recent comparative studies
suggest that ensemble Al-based forecasting structures utilizing the combined power of
deep learning models, including long short-term memory networks and random forest
ensembles, can enhance short-term flood prediction accuracy more than 30-fold compared
to traditional physics-based hydrological models, including conceptual rainfall-runoff
models and deterministic hydraulic simulations [132]. These benefits can be explained by
the fact that data assimilation is better and that ensemble Al methods can help represent
nonlinear hydrological responses in fast-varying conditions.

DSS combines IoT sensor data, satellite-derived observations, Al-oriented predictions,
and simulation of a digital twin to aid the planning and allocation of the dynamic water
resource in the presence of uncertainty [133,134]. In such systems, real-time monitoring
shows the state of systems in real time, whereas the models, based on Al analysis, reflect
future scenarios and assess alternative working and allocation plans. The analytics of
big data also help policymakers and operators find spatial and temporal trends in water
distribution, evaluate management intervention in near real time, and increase transparency
and governance [135].

On a smaller spatial scale, such as households and buildings, smart water systems
integrating level sensors using the IoT, direct digital controllers (DDCs), autonomous
motor-control devices, and smart monitoring platforms allow efficient water utilization
with feedback in real-time and autonomous operation [136-138]. Figure 7 demonstrates an
IoT-based smart water management system where the level sensors, direct digital controller
(DDC), and three-phase pump are combined with cloud-based communication and are
linked to provide real-time monitoring and remote control of water storage and supply.
The system illustrates sensor-based feedback, and remote access of users can be used to
minimize overflow losses, optimize pump operation, and enhance water-use efficiency at
household and building levels when infrastructure is controlled.

The role of digital and smart water management systems is as an enabling infras-
tructure that boosts the performance of superior treatment technologies, water reuse
mechanisms, and integration of renewable energy in the desalination and water distri-
bution systems [139]. These technologies help maintain adaptive, resource-saving, and
climate-resilient water management by connecting monitoring, prediction, and control
within the integrated cyber-physical structures in accordance with the goals of the circular
economy and sustainability [140-143]. However, its broad usage is still confined to the high
cost of capital, data management, and lack of technical capacity, especially in the develop-
ing world [19]. To overcome these shortcomings, the open data platforms, cross-sectoral
collaborations, and specific capacity building programs will have to be increased in order
to scale up smart water technologies on an international scale.

https://doi.org/10.3390/resources15020031


https://doi.org/10.3390/resources15020031

Resources 2026, 15, 31

20 of 35

motor device

gonroney Sl @ <
...... »
tr Leakage hole
; Water storage tank Cloud
| I unit | I . .
. A 4
...... GSM/ GPRS .. Hybrid
module application

¥

Motor with r-elay

Reserved tank

Smart level

Figure 7. Internet of Things (IoT)-based smart water management systems [138].

3.3. Nature-Based Solutions (NbS)

Nature-based solutions (NbS) is also an emerging and sustainable approach to water
resources management that integrates ecological processes into the scheme and infrastruc-
ture. Contrary to traditional gray systems, NbS, such as wetland restoration, reforestation,
riparian buffers, and green infrastructure, have the advantage of being multifunctional to
improve the water quality, improve groundwater recharge, reduce floods and droughts,
and maintain biodiversity and carbon sequestration [144]. However, NbS effectiveness and
reliability also greatly rely on hydrological regime, land-use pressure, and the governance
capacity, unlike the more traditional gray infrastructure. Recent studies have shown that
NbS can reduce the magnitude of the floods, increase stormwater handling, increase ther-
mal control of metropolitan regions, and increase the water content of the ground and soil
infiltrate, hence regulating water scarcity and delaying water excess as climatic variability
rises. NbS, including green roofs, permeable pavements, urban wetlands, and reclaimed
riparian corridors, have been shown to produce quantifiable results in the reduction in the
amount of runoff, the minimization of flood potential, and the mitigation of heat stress in
urban and peri-urban environments. Comparative evaluations have shown that NbS tend
to be more successful than gray systems in co-benefits and long-term resilience, although
they have slower response times and are more spatially variable in hydrological operation.
NbS is applied in urban and peri-urban settings to address the joint flood, stormwater,
and heat stress issues [145]. Constructed wetlands (CWs) are generally accepted as useful
nature-based technologies in wastewater treatment, as well as water quality enhancement.
They replicate the natural wetland processes and combine vegetation, substrate, and activity
of the microbes to eliminate contaminants using physical, chemical, and biological pro-
cesses. Commonly, CWs are classified based on hydraulic regime and configuration of flow
to include: free-water-surface systems, subsurface-flow systems, and floating-treatment
wetlands [146]. These designs vary in their ability to remove pollutants, space needs, and
their robustness of operation, which determines their applicability in an urban, rural, and
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resource-limited environment. The configurations have different treatment pathways, hy-
drologies, and the mode of removing pollutants, such as differences in hydraulic residence
time, the presence of oxygen, the supremacy of biogeochemical processes (e.g., aerobic
degradation, anaerobic transformation, and sorption), and interactions between vegetation
and microbes, as shown in Figure 8.
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Figure 8. Schematic representation of major types of constructed wetlands (CWs) and their pollutant
removal mechanisms [146].

Figure 9 illustrates the classification and structural configurations of constructed
wetlands for wastewater treatment. On the left, constructed wetlands are divided into
three main types: free water surface (FWS), horizontal subsurface flow (HSSF), and vertical
subsurface flow (VSSF). FWS wetlands allow water to flow above a planted substrate,
while HSSF and VSSEF systems direct flow through a planted substrate either horizontally
or vertically, respectively. The right side of the figure demonstrates hybrid constructed
wetlands, which combine two wetland types in series to enhance treatment efficiency,
taking advantage of both surface and subsurface processes [147].

However, empirical evidence remains uneven across different types of nature-based
solutions. While large-scale urban green infrastructure (e.g., vegetated pavements and
retention parks) has been documented through implemented case studies, there is still
limited long-term and transferable evidence for certain NbS, particularly landscape-scale
restoration measures and policy-driven NbS interventions regarding their performance,
scalability, and effectiveness across diverse climatic and institutional contexts [148,149].
While such urban NbS demonstrate high scalability in high-income governance settings,
their transferability to rapidly urbanizing regions is often constrained by land availability,
maintenance capacity, and institutional coordination. Examples of NbS on a large scale
in Klagenfurt, Austria, such as vegetated pavements and rain-absorbing parks as pilot
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projects and demonstration cases, have shown how green infrastructure, when integrated,
can maximize stormwater infiltration and minimize irrigation requirements [150]. In the
same manner, constructed wetlands and reforested watersheds have been shown to mit-
igate sedimentation, nutrient loading, and greatly enhance the water quality and health
of downstream watersheds [151,152]. NbS are also critical to climate adjustment and car-
bon storage [153]. It has been demonstrated that reforestation and mangrove restoration
activities can increase carbon sequestration and watershed resilience, especially in tropi-
cal and deltaic areas where hydrological pressure has been exerted by deforestation and
urbanization. Nevertheless, the magnitude and persistence of these benefits are strongly
context-dependent, with governance effectiveness and long-term land protection emerging
as key determinants of performance. Recent assessments show that NbS has the potential
to reduce the amount of flood risk in Malaysia by enhancing catchment infiltration and
retention in monsoonal extreme catchments [154]. Although they have become increasingly
acknowledged, NbS implementation has issues associated with context-specific transfer-
ability, monitoring, and institutional support [155]. An international audit discovered that
process-based metrics like stakeholder involvement and institutional capacity are portable,
but hydrological and ecological outputs of NbS are diverse based on local weather condi-
tions, soil texture, and the administration of that area [156]. This variability limits the direct
scalability of NbS without adaptive design and localized performance evaluation. Also,
there is a lack of empirical evidence concerning the long-term hydrological performance,
as well as cost-benefit tests, which impedes the use of the policy on a large scale [157].
Implementation of NbS into the mainstream water governance and planning models must
be coordinated using institutional arrangements that cut across ecological and engineering
fields [158]. NbS is included in IWRM strategies to facilitate the achievement of Sustainable
Development Goals (SDG 6 and SDG 13), which focus on resilience, ecosystem health, and
social well-being [19]. When strategically combined with gray infrastructure, NbS can
function not only as complementary measures but as scalable system components whose
performance is optimized through adaptive governance, monitoring, and hybrid design.
Through green and gray infrastructure, the decision-makers can use NbS not only as com-
plementary actions but as the building blocks of sustainable and adaptive water systems
that can be used to deal with the increased demands of climate change and urbanization.

i Hybrid Constructed Wetlands

WAy

Flow direction W W A

N

\
\

Horizontal
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Figure 9. Constructed wetland systems: conventional types (free water surface (FWS), horizontal
subsurface flow (HSSF), vertical subsurface flow (VSSF) on the left; hybrid wetlands integrating
surface and subsurface flows for enhanced pollutant removal on the right [147].

https://doi.org/10.3390/resources15020031


https://doi.org/10.3390/resources15020031

Resources 2026, 15, 31

23 of 35

3.4. Policy and Governance Innovations

Policy and governance innovations are also emerging as key tools that can be used
to attain sustainable water management. Policies like IWRM, circular water economy
(CWE), and transboundary water cooperation are designed to mediate the goals of policy,
economic tools, and stakeholder involvement towards ensuring long-term water security.
These governance ideas vary significantly in terms of effectiveness, level of institutional
maturity, and transparency, with regard to administrative capacity, level of regulatory
consistency, and socio-economic contexts. IWRM focuses on water, land, and other re-
sources management in a coordinated way in order to achieve maximum economic and
social welfare without affecting the sustainability of the ecosystem [153,159]. Although
it has been supported worldwide, evidence from implementation indicates that INRM
performs most effectively in settings with strong institutional integration and cross-sector
coordination, whereas the majority of initiatives in low-capacity governance environments
lack institutional coherence and intersectoral alignment and therefore require prioritization
of adaptive and inclusive governance mechanisms [160].

CWE is a comparatively recent policy concept that is gaining acceptance thanks to its
capacity to promote the re-use, recycling, and recovery of water resources of closed-loop
systems. The two sustainability and resilience purposes that CWE pursues, specifically in
places with water shortages, are enhanced by efficient wastewater treatment, resource
recycling, and energy efficiency [161,162]. CWE is more operationally oriented and
technology-driven than IWRM, but has little applicability due to the cost of high capi-
tal, regulatory preparedness, and acceptance by the people. The practical experience of
other urban water reuse projects in Spain and Singapore has shown that with the right
regulatory and institutional environment, wastewater can be converted into a strategic
resource, and environmental effects can be minimized [163]. However, it should be men-
tioned that the transboundary water cooperation continues to be the core of common water
systems management under the pressures of climate and population [164]. The examples
of successful governance structures like the Mekong River Commission and the Senegal
River Basin Development Organization show how joint institutions can be used to achieve
equitable distribution, exchange of information, and conflict avoidance [165,166]. Nonethe-
less, experience indicates that these cooperative structures have been less successful in
basins where there are power asymmetries, weak legal requirements, or small stakeholder
incorporation, phenomena that still continue to limit cooperation in most areas [166].

Economic policy instruments are also significant in enhancing the efficiency of water
use and affecting user behavior. Mechanisms that are incentive-based, such as tiered wa-
ter pricing and ecosystem service payments (PES), have been demonstrated to promote
conservation and raise financial funds to support watershed protection and ecosystem
preservation [167,168]. Meanwhile, the legitimacy and localization of water policies depend
on stakeholder engagement. The models of co-governance that include community involve-
ment and the multi-level participation of stakeholders are said to enhance the delivery
of viable water practices within rural and urban settings [169]. However, institutional
capacity, participatory culture, and long-term financial support are highly dependent on
their performance. Table 4 presents significant governance strategies, such as IWRM, CWE
policies, and Transboundary Cooperation (TC), which portray their character and chief
concerns of application. These approaches are not mutually exclusive; on the contrary,
IWRM offers the integrative planning rationale, CWE policies often operationalize the aims
of efficiency and reuse, TC deals with basin-wide coordination across political borders,
and economic instruments serve as facilitative mechanisms to coordinate incentives with
sustainable water management objectives.
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Table 4. Major governance frameworks supporting sustainable water management and the challenges

limiting their operationalization.

Approach Core Purpose Key Challenges References
Coordinated management of water ~ Institutional fragmentation;
IWRM L o [170]
and land resources for sustainability =~ weak cross-sector coordination
Circular Water Promote water reuse, recycling, and  High initial costs; regulatory
. . [171]
Economy (CWE) resource recovery and public acceptance barriers
Transboundary Joint management of shared Power imbalances; limited [172]
Cooperation (TC) water systems legal enforcement
Economic Instruments Encourage efficient water use and Risk of inequity; requires
- : . [173]
(Pricing, PES) fund ecosystem protection strong oversight
Stakeholder Participation Improve policy legitimacy and Time-intensive; requires [174]

local relevance capacity building

The policymakers must embrace flexible evidence-based policies to introduce these
innovations of governance which incorporate social, ecological and technological aspects.
This incorporates cross-sectoral cooperation, openness and vivid policy tools which have
the capability to alleviate climatic uncertainties. The comparative analysis implies that
there is no universally efficient model of governance; instead, context-related balances
of IWRM principles, circular economy strategies, and collaborative institutions bring the
most resilient results. The future water sustainability will be institutional capacity building
and inclusion of the decision-making processes to be incorporated to make the water
governance resilient, efficient, and equitable.

4. Future Perspectives

The future of sustainable water resource management consists of applying the multi-
disciplinary approaches to it, in which the innovations in engineering would be integrated
in conjunction with the policy modifications, social relations, ecological restoration, and
economic research [175,176]. The solutions to water-related issues can be achieved through
overcoming the barriers between disciplines to come up with comprehensive, dynamic
solutions that are sensitive to both human and environmental aspects of the systems and
also understand the interdependence of hydrological, ecological, and socio-economic sys-
tems [177,178]. In this view, the suggested framework is naturally scalable and can be
applied on various spatial and institutional scales between a local and urban system and a
river basin level and transboundary context, by modulating technological intensity, gover-
nance structure, and involvement of stakeholders in accordance with the socio-hydrological
environment and institutional capacity.

The systems thinking and nexus-based models, such as the Water—Energy—Food-Ecosystem
(WEFE) nexus, in determining strategic planning at both transboundary and basin levels is
increasingly becoming a topic of consideration within the research community. The frame-
work focuses on operational tools (e.g., smart monitoring and decentralized NbS) at the
smaller scales (e.g., municipalities or irrigation districts) but on coordination mechanisms,
data sharing, and adaptive governance structures at the bigger scales (e.g., basin). It will be
noteworthy to find the solution to climate-resilient infrastructure and coping governmental
systems that would reduce the effects of climatic changes on hydrological networks [179].
This type of structure should be dynamic, data-oriented, and capable of being inclusive to
the extent that the policies are liberal to fit the climatic variability, developing technologies,
and up-and-coming socio-economic trends [180]. It will be possible to have early-warning
systems, risk-informed decisions and more robust water allocation plans through the inte-
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gration of climate forecasts and integration of real-time hydrological and socio-economic
scenarios into the planning models.

Nevertheless, the effective execution of these advanced strategies highly depends
on the participation and prioritization ability of the decision-makers, especially in
terms of guiding financial, institutional, and technical resources. Most digital and
technology-intensive models like IoT networks, Al-driven prediction, and digital twins
demand huge upfront costs, long-term maintenance, and expert human capacity, which
becomes extremely difficult to achieve in low-income and resource-scarce settings. The
main difference in such environments is that the authorities usually focus on short-term
socio-economic needs rather than long-term technological investments, and the digital
water solutions can be less famous. Therefore, there should be staged and context-based
adoption processes, in which basic monitoring interventions (e.g., nature-based solutions,
low cost, yet high impact), basic governance reforms, and digital tools should be introduced
at an earlier stage, and further evolved with the expansion of the institutional capacity and
financial resources.

In all settings, including more advanced ones, conflicting priorities in policies and
budgetary limitations require the availability of explicit decision-support frameworks to
inform strategic investment decisions. Increasing the involvement of decision-makers
via capacity-building, pilot programs, and evidence-based prioritization models is thus
of the essence in ensuring that technological innovation results in implementable and
equity-based water management results. The involvement of the community-based pro-
grams and the active work of the partnerships between the state and the business can
stimulate the sustainable realization of the water management strategies [181]. This form
of association increases financial sustainability, innovation, and local ownership to make
water infrastructure and management systems just and sustainable [181,182]. The stake-
holders, such as women populations, youth programs, farmer groups, and indigenous
people, among others, may be involved in even greater numbers, which may contribute to
the greater legitimacy of the governance and lead to socially equitable water management.

The water governance practices in the future must align with the United Nations
Sustainable Development Goals (SDGs), particularly SDG 6 (Clean Water and Sanitation)
and SDG 13 (Climate Action), which must strive to achieve equitable access, resilience,
and ecological balance [183]. The application of the principles of the circular economy
of water, nature-based solutions, and digital transformation will also aid in making the
resources efficient and managing them according to the scale [184]. Digital transformation
is also complementary; smart sensing networks, Al-driven predictions, digital twins, and
blockchain-driven water accounting are taking center stage in transparency, efficiency, and
integrated planning.

Figure 10 shows an interactive and holistic picture of future sustainable water man-
agement, showing that the use of technological methods, ecological action, socio-economic
participation, and governance systems can be based on interdependency as opposed to
being independent or parallel factors.

The new technology is creating information and feedback from operations through Al,
IoT, nanotechnology, membrane processes, and advanced treatment systems, which are
used to make decisions on governance and flexible laws. The ecological and nature-based
approaches, such as the restoration of wetlands, rehabilitation of watersheds, controlled
recharge of aquifers, and circular water systems, are useful and supportive to the tech-
nological monitoring and policy assistance as they increase the resilience of systems and
lower the long-term management expenses. The socio-economic involvement of people via
citizen science, capacity building, and multi-stakeholder partnerships serves as a mediator
layer that transforms technological and ecological interventions into social and robust
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practices that are accepted by the locals. These interactions are organized through gover-
nance and policy frameworks based on adaptive regulation, integrated basin management,
transboundary cooperation, and SDG alignment, which make cross-sectoral integration,
accountability and scaling across institutional contexts possible [183]. The diagram thus
highlights the feedback loops and element reinforcement to each other as we see how action
on one area reinforces results on other areas.

ECOLOGICALAND

TECHNOLOGY NATURAL BASED

RESILIENCE

< Al
« 10T + WETLAND
RESTORATION
+ NANOTECHNOLOGY' STO (0}
+ ADVANCED FRAMEWORK FOR * WATERSHED
TREATMENT FUTURE MANAGEMENT
SUSTAINABLE WATER * CIRCULAR WATER
MANAGEMENT SYSTEM

INTEGRATING
TECHNOLOGY

SOCIO-ECONOMIC GOVERNANCE AND

1 0) (024
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* PUBLIC PRIVATE * ADAPTIVE
PARTNERSHIPS REGULATIONS

* EDUCATION * TRANSBOUNDARY

« COMMUNITY COOPERATION
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Figure 10. Conceptual framework for future sustainable water management integrating technology,
ecological resilience, socio-economic participation, and governance innovations.

The long-term equity, inclusiveness, and global partnership in the process of water re-
sources management will eventually be achieved only through concerted efforts, relentless
innovations and common accountability [19]. By balancing technological advancement with
ecological safeguards, inclusive governance, and community engagement, the proposed
framework supports context-sensitive and scalable pathways toward climate-adaptive and
sustainable water systems [185,186].

5. Conclusions

The evidence that has been synthesized in this review suggests that majority of the
contemporary water problems are multi-faceted, like the variability in hydrology, seasonal
and geographical scarcity, pollution by different sectors, and distorted governance that
hinders concerted management initiatives. The infrastructure-based solutions that had been
used traditionally could no longer help in solving the current water management issues.
Instead, there should be a paradigm shift in sustainable water management, which should
encompass the use of advanced technologies, solutions founded upon nature, and improved
institutional frameworks. Some of the innovations that are shown to increase access to
clean water and reduce environmental effects include membrane filtration, nanomaterials,
energy-efficient desalination, and decentralized treatment systems. Other natural ways
such as conservation of wetlands, watershed recovery, and reforestation to help the system
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resilient, reduce floods, and support biodiversity. Remote sensing, IoT networks, and
artificial intelligence are new digital tools that offer predictive systems and real-time
decision support that enhance system reliability and adaptive management.

A holistic approach is required in order to secure water in the long term, meaning
that technological advancements, the ecology, and governance should be a service to the
population. The disconnection between science, policy, and implementation can be offset
through circular water economy models, climate-resilient infrastructure as well as the
enhanced public—private collaboration. Inclusion of everyone in community participation
and inter-boundary collaboration is essential to achieve fair and amicable distribution of
common resources. Simultaneously, community engagement and enhanced cross-boundary
collaboration are essential in shared basins and socially fragile environments where fairness,
conflict avoidance, and institutional credibility are the factors that define the success of
water governance.

The main focus of the strategies presented in line with Sustainable Development
Goals (SDG 6: Clean Water and Sanitation; SDG 13: Climate Action) is evident: these
strategies need to facilitate resilience, equity, and sustainability, promote evidence-based
policies, and provide future research with context-specific solutions that can be scaled
up. It is important to adopt evidence-based, forward-looking, and coordinated strategies
so that water resources can have the potential to support human living, ecosystems, and
socio-economic growth in the long run in a sustainable way.
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