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Abstract | Review Article |

This article explores the censorious challenge of water scarcity in Pakistan and presents a comprehensive analysis of
several strategies and technological metamorphoses aimed at mitigating this issue. By examining precision irrigation,
water recycling, desalination technologies, and ecosystem restoration, this article highlights their potential to escalate
water use effectiveness and sustainability across key sectors such as agriculture, industry, and domestic use. It also
evaluates the role of Integrated Water Resource Management (IWRM) and the National Water Policy, emphasizing the
need for coordinated governance, public awareness, and education programs. The findings underline the importance of
adopting a multi-sectoral approach, integrating advanced technologies, and fostering collaboration among stakeholders
to address the growing water scarcity in Pakistan. The article concludes with recommendations for future research and
policy reforms to ensure sustainable water management and long-term water security in the region.
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INTRODUCTION

Water scarcity in Pakistan has reached a
censarious juncture, posing an escalating challenge to the
country's socio-economic stability and environmental
sustainability. As a nation heavily dependent on
freshwater resources, Pakistan is facing a speedily
diminishing supply of these vital resources (Banerjee,
2023; Farooq, 2023). The per year per capita water
availability, which was approximately 5,000 cubic
meters in 1951, has alarmingly fallen to less than 1,000
cubic meters by 2022. This sharp fall-off places Pakistan
in the category of a water-scarce country, according to
the Falkenmark Water Stress Indicator (Ishaque et al.,
2023; KHAN! & KHAN, 2022). This situation is
particularly dire when considering that the threshold for
water scarcity is set at 1,000 cubic meters per capita per
year, highlighting the severity of the current crisis
(Zhang et al., 2020).

This drastic reduction in water availability is
exacerbated by the country's burgeoning population,
which has surged past 230 million as of 2023 and is
projected to grow by an additional 50% by 2050,
potentially reaching 350 million (Gaaloul et al., 2022).
Such population growth is expected to further strain the
already limited water resources, increasing the urging for
water in all sectors, particularly in agriculture, which
consumes an overwhelming 93% of the nation’s total
water resources (Nasreen & Ashraf, 2020). The
agricultural sector, being the backbone of Pakistan’s
economy contributing approximately 19.2% to the GDP
and employing around 39% of the labour force is acutely
vulnerable to water shortages. This vulnerability directly
threatens food security, as key crops like wheat, rice, and
sugarcane are heavily dependent on irrigation (Schneider
& Asch, 2020). The reduced water availability has
already led to a fall in crop yields, with wheat production
showing fluctuations of 10-30% in drought years,
severely impacting both food availability and export
revenues (Pequeno et al., 2021).

The industrial sector, accounting for about 19%
of the GDP and consuming roughly 5-6% of water
resources, is also grappling with increasing water
urgings. The textile industry, a major contributor to
exports, requires outstanding water input for processes
such as dyeing and finishing (Arbeiter & Velasquez,
2020). The growing water scarcity, coupled with
pollution from industrial effluents, exacerbates the stress
on water supplies. Water-intensive industries like textiles
and food processing are facing operational disruptions,
higher costs, and compliance challenges due to stricter
environmental regulations aimed at curbing water
pollution (Wang et al., 2024).

The domestic sector, though consuming a
smaller portion of the total water supply, is not immune
to the effects of water scarcity. Urban zones, where the
urging for potable water is swiftly increasing, are

witnessing outstanding challenges in water supply
(Hejazi et al., 2023). In cities like Karachi and Lahore,
up to 40% of the water supplied through municipal
systems is off-track due to ageing infrastructure and
leakage, resulting in a severe shortfall in water
availability for household use. This scarcity is
compounded by the contamination of water supplies with
pollutants such as heavy metals, pathogens, and chemical
residues, leading to public health crises, with waterborne
diseases contributing to over 100,000 deaths yearly
(Afzal et al., 2016; Noureen et al., 2022).

The situation is further aggravated by the
effects of climate change, which are increasingly evident
in Pakistan. The country is experiencing more frequent
and severe droughts, with the number of dry years rising
by 40% in the last two decades. Erratic precipitation
patterns, with per year rainfall variability of up to 30%,
have disrupted the hydrological cycle, leading to reduced
river flows, decreased groundwater recharge, and
diminished surface water storage (Adnan & Ullah, 2022;
Khan et al., 2024). The accelerated melting of glaciers in
the northern regions, which contribute up to 70% of the
Indus River’s flow, causes a long-term threat to water
availability. Glacial retreat, estimated at 0.3-0.5 meters
per year, is reducing the natural reservoirs that sustain
river flows during the dry season, exacerbating the water
scarcity problem (Dar et al., 2024).

Moreover, the compounding factors of over-
extraction of groundwater, where extraction rates in
zones like Punjab and Sindh exceed natural recharge
rates by 20-30%, and the pollution of water bodies from
industrial, agricultural, and domestic sources have
further strained the country’s water resources (Le
Quesne et al., 2010). Groundwater levels are dropping
by up to 1.5 meters yearly in some regions, leading to the
salinization of aquifers and the intrusion of saline water,
rendering them unsuitable for agricultural or domestic
use (Kumar, 2023).

Pakistan can  effectively address its
groundwater  depletion by  implementing a
comprehensive approach that combines managed aquifer
recharge (MAR), strict regulation and monitoring of
groundwater extraction, and the promotion of water-
efficient irrigation techniques such as drip irrigation and
laser land levelling (Mainuddin et al., 2021a, 2021b).
Encouraging the cultivation of drought-resistant, less
water-intensive crops, along with providing economic
incentives for sustainable agricultural practices, is vital.
Community-based water management and public
awareness campaigns can foster local stewardship of
groundwater resources. Additionally, the recycling and
reuse of treated wastewater for irrigation and industrial
purchases, coupled with the construction of climate-
resilient infrastructure like recharge structures, can
outstandingly reduce the reliance on groundwater.
Integrating these efforts within an overarching Integrated
Water Resource Management (IWRM) framework,
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supported by institutional strengthening, research, and
international collaboration, is crucial for reversing the
trends of groundwater over-extraction and ensuring long-
term water security in Pakistan (Mujtaba et al., 2024).

This review systematically explores and
evaluates a comprehensive range of strategies to mitigate
water scarcity in Pakistan, grounded in evidence-based
research and leveraging scientific methodologies to
estimate the effectiveness of interventions across
multiple sectors. By focusing on agriculture, industry,
domestic water use, environmental conservation, policy,
and technological metamorphosis, the review provides
an integrated approach to water management,
emphasizing sustainable practices, efficient resource
allocation, and the implementation of advanced
technologies to escalate water use effectiveness. The
analysis considers the socio-economic impacts of water
scarcity and the feasibility of proposed solutions within
Pakistan's socio-political context. The article begins with
an in-depth analysis of agricultural water management,
including precision irrigation, drought-resistant crops,
and water pricing models, supported by quantitative data
on water use effectiveness. It then examines industrial
water use, exploring water recycling, cleaner production
technologies, and regulatory frameworks, with data
tables and bar graphs illustrating their impact on
reducing water usage. The third section highlights
domestic water conservation, urban water supply
effectiveness, rainwater harvesting, and decentralized
wastewater treatment, with a pie chart showing water
usage  distribution across domestic  activities.
Environmental conservation and ecosystem restoration
are discussed in the fourth section, focusing on wetlands
and river restoration, sustainable groundwater
management, and climate change adaptation, supported
by a heatmap estimating river basin vulnerability. The
fifth section explores policy and governance, including
Integrated Water Resource Management (IWRM) and
the National Water Policy, along with public awareness
and education, supported by a radar chart estimating
policy effectiveness. The sixth section delves into
technological metamorphosis, such as smart water
management systems, desalination technologies, and
remote sensing, with a line graph illustrating trends in
water availability and technology adoption. The article
concludes by summarizing key findings and offering
recommendations for future research and policy,
emphasizing the need for an integrated, multi-sectoral
approach and collaboration among government,
industry, and local communities to address water scarcity
in Pakistan and similar regions.

Agricultural Water Management Strategies

Water management in agriculture is censorious
for Pakistan, where the sector consumes approximately
93% of the country's freshwater resources, as reported by
the Food and Agriculture Organization (FAO) in 2022
(Assan et al., 2022). Given the substantial contribution
of agriculture to Pakistan’s GDP, which stood at 19.2%

in 2021 according to the Pakistan Bureau of Statistics,
the sustainability of this sector is intrinsically tied to the
efficient use of water resources. In response to growing
water scarcity, several scientific and technological
strategies have been developed to escalate water use
effectiveness in agriculture, with precision irrigation
techniques, the development of drought-resistant crops,
and water pricing models being at the forefront (Islam et
al., 2023).

Precision Irrigation Techniques

One of the most outstanding evolutions in
agricultural water management is the adoption of
precision irrigation techniques, which have shown
considerable potential in reducing water use while
maintaining or even increasing crop yields (Angelakis et
al., 2020). Drip irrigation, in particular, is a scientifically
validated method that delivers water directly to the plant
roots through a network of valves, pipes, tubing, and
emitters. This method has been shown to improve water
use effectiveness by up to 90% compared to traditional
flood irrigation, which often results in outstanding water
losses due to evaporation, runoff, and deep percolation
(Bhavsar et al., 2023). A study by Ul Hussan et al. (2023)
indicated that drip irrigation could reduce water
consumption by 30-70% depending on the crop and
environmental conditions. In Pakistan, where crops like
wheat, rice, and sugarcane are heavily reliant on
irrigation, the widespread adoption of drip irrigation
could potentially save billions of cubic meters of water

yearly.

The implementation of laser land levelling is
another precision technique that has garnered attention
for its ability to escalate irrigation effectiveness. Laser
land levelling involves the use of laser-guided equipment
to level the field, ensuring uniform distribution of water
across the entire plot. This method not only reduces
water wastage by up to 25-30%, as reported by Tomar et
al., (2020) but also improves crop yields by ensuring that
water reaches all zones of the field evenly. In the Punjab
province, where agricultural productivity is crucial, laser
land levelling could be a game-changer in optimizing
water use. The combination of drip irrigation and laser
land levelling presents a powerful master plan for
conserving water, particularly in regions where water
resources are becoming increasingly scarce.

Development of Drought-Resistant Crops

In parallel with the evolution of irrigation
techniques, the development of drought-resistant crop
varieties through genetic modification and conventional
breeding approaches is a censorious zone of focus.
Drought-resistant crops are engineered or bred to
withstand water stress by enhancing their physiological
and biochemical responses to drought conditions. For
example, crops can be genetically modified to have
deeper root systems, which allow them to access water
from deeper soil layers, or to have improved stomatal
regulation, reducing water loss through transpiration.
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Research studies by Siddiqui et al., (2021) and Raza et
al.,, (2023) have demonstrated that drought-resistant
varieties of wheat and maize can maintain yields with up
to 50% less water compared to traditional varieties.

In Pakistan, where the Indus River system
provides the primary water source for irrigation, the
introduction  of  drought-resistant crops could
outstandingly mitigate the impact of water scarcity. The
International Maize and Wheat Improvement Center
(CIMMYT) has been working on developing drought-
tolerant wheat varieties specifically suited for South
Asian climates (Sukumaran et al., 2021). These varieties
have shown a vyield increase of 20-30% under water-
limited conditions, offering a viable solution to the
challenges posed by water scarcity. Furthermore,
conventional breeding programs in Pakistan have also
focused on selecting and cross-breeding native varieties
that exhibit natural drought resistance, further enhancing
the resilience of the agricultural sector.

Water Pricing Models and Economic Incentives
Beyond  technological and  biological
interventions, economic strategies such as water pricing
models and incentives play a crucial role in managing
agricultural water use. The concept of tiered water
pricing, where the cost of water increases with higher
levels of consumption, is based on the economic
principle of urging elasticity. This model incentivizes
farmers to use water more efficiently, as higher
consumption results in increased costs. Research by Li et
al., (2023) suggests that implementing tiered water
pricing in agriculture can reduce water use by 15-20%
without outstandingly impacting crop production.

In the context of Pakistan, where water is often
underpriced or provided at a flat rate, the introduction of
a tiered pricing model could motivate farmers to adopt
water-saving technologies and practices. The economic
incentive to reduce water consumption could also drive
investment in precision irrigation systems, drought-
resistant crops, and other water-efficient technologies
(Ahmed et al., 2024). Additionally, the revenue
generated from water pricing could be reinvested into
water infrastructure, further enhancing the effectiveness
and sustainability of the agricultural sector (Siddigi et al.,
2024).

Economic incentives could also be extended to
the promotion of water-efficient crops. Subsidies for
crops that require less water, coupled with penalties for
water-intensive crops, could shift agricultural practices
toward more sustainable options. For instance, shifting
from water-intensive crops like rice and sugarcane to less
water-urging crops such as pulses or sorghum could
alleviate pressure on water resources while maintaining
agricultural output. This master plan would require a
careful balancing of economic, environmental, and social
considerations, but the potential advantages in terms of
water conservation are substantial (Zhang & Oki, 2023).

Integrated Water Management Practices

The integration of precision irrigation
techniques, the development of drought-resistant crops,
and economic incentives under a comprehensive water
management framework are vital for maximizing the
impact of these strategies. Integrated Water Resource
Management (IWRM) emphasizes the coordinated
development and management of water, land, and related
resources to maximize economic and social welfare
without compromising the sustainability of ecosystems
(Kalogiannidis et al., 2023). In agriculture, this approach
involves aligning irrigation practices with crop selection,
pricing models, and technological metamorphosis to
create a cohesive and sustainable water management
system (ENERGY, 2023).

The adoption of IWRM in Pakistan's
agricultural sector could escalate the resilience of the
sector to water scarcity while ensuring the equitable
distribution of water resources. This approach would
require the collaboration of government agencies,
research institutions, and the agricultural community to
develop and implement policies that support sustainable
water use. By integrating scientific knowledge with
practical applications, IWRM could lead to outstanding
improvements in water use effectiveness and agricultural
productivity.

Challenges and Hurdles to Implementation

Despite the clear advantages of precision
irrigation, drought-resistant crops, and economic
incentives, several challenges and hurdles must be
addressed to ensure their successful implementation.
One of the primary challenges is the initial cost of
adopting new technologies such as drip irrigation and
laser land levelling. While these technologies offer long-
term savings and increased productivity, the upfront
investment can be prohibitive for smallholder farmers,
who constitute an outstanding portion of Pakistan's
agricultural sector (Faazal et al., 2023; Singh; Ullah,
Qasim, et al, 2024). Financial support through
government subsidies, low-interest loans, or public-
private partnerships could help overcome this barrier and
facilitate widespread adoption.

Another challenge is the need for capacity
building and education among farmers. The successful
implementation of precision irrigation and the cultivation
of drought-resistant crops require a deep understanding
of these technologies and practices. Extension services,
training programs, and demonstration projects are vital
to equip farmers with the knowledge and skills needed to
adopt and maintain this metamorphosis (Serote et al.,
2023). Furthermore, the effectiveness of water pricing
models depends on accurate measurement and
monitoring of water usage, which requires robust
infrastructure and governance mechanisms.
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Environmental and Ecological Considerations

While the focus of agricultural water
management is often on increasing effectiveness and
productivity, it is crucial to consider the environmental
and ecological impacts of these strategies. The overuse
of irrigation, even with efficient systems like drip
irrigation, can lead to soil salinization, which reduces soil
fertility and crop yields over time. Moreover, the
development of drought-resistant crops must be carefully
managed to avoid unintended consequences, such as the
displacement of native plant species or the disruption of
local ecosystems (Fatima et al., 2024; Nouri et al., 2023).

Environmental monitoring and statements
should be an integral part of any agricultural water
management master plan to ensure that the long-term
health of the soil and ecosystems is maintained.
Sustainable practices, such as crop rotation, organic
farming, and the use of natural fertilizers, should be
promoted alongside technological metamorphosis to
create a holistic approach to water management that
supports  both  agricultural ~ productivity  and
environmental stewardship (Mallareddy et al., 2023).

Potential Impact on Food Security

The successful implementation of precision
irrigation, drought-resistant crops, and water pricing
models has the potential to outstandingly escalate food
security in Pakistan. By improving water use
effectiveness, these strategies can increase agricultural
productivity and reduce the vulnerability of crops to
water scarcity. This is particularly important in a country
where food security is closely linked to the availability
of water for irrigation (Muzammil et al., 2020; Waseem,
Abbas, et al., 2023). The adoption of these strategies
could lead to higher crop vyields, more stable food
supplies, and reduced dependence on food imports,
thereby strengthening national food security.

Furthermore, the cultivation of drought-
resistant crops could provide a buffer against the impacts
of climate change, which is expected to exacerbate water
scarcity in the coming decades. By ensuring that crops
can thrive under water-limited conditions, this
metamorphosis could help safeguard food production in
the face of changing environmental conditions (Mushtaq
et al., 2024).

Economic Implications

The economic implications of adopting
precision irrigation, drought-resistant crops, and water
pricing models are outstanding. On the one hand, these
strategies can lead to cost savings for farmers by
reducing water consumption and increasing crop yields.
On the other hand, the initial investment required for
these technologies may pose a financial burden,
particularly for smallholder farmers. However, the long-
term economic advantages, including increased
agricultural productivity, reduced water costs and

escalated food security, outweigh the initial expenses
(Haidri et al., 2024; Mushtaq et al., 2024).

Moreover, the introduction of water pricing
models can generate revenue that can be reinvested in the
agricultural sector, supporting the development of
infrastructure, research, and extension services. This
revenue can also be used to subsidize the adoption of
water-efficient technologies, making them more
accessible to all farmers (Lakhiar et al., 2024). The
economic advantages of these strategies extend beyond
the agricultural sector, contributing to broader economic
growth and development in Pakistan.

Social and Cultural Considerations

The adoption of new agricultural practices and
technologies is often influenced by social and cultural
factors. In Pakistan, where agriculture is deeply rooted in
tradition, there may be resistance to change, particularly
among older generations of farmers. Social norms,
cultural beliefs, and traditional practices can all play a
role in shaping attitudes toward new technologies and
water management practices (Jin et al., 2022; Ummer et
al., 2023).

To address these challenges, it is vital to engage
with local communities and involve them in the decision-
making process. Participatory approaches that include
farmers, community leaders, and other stakeholders can
help build trust and ensure that new practices are
culturally acceptable and aligned with local values.
Education and awareness campaigns that highlight the
advantages of precision irrigation, drought-resistant
crops, and water pricing models can also help overcome
resistance and motivate adoption (Muhammad &
Hariyati, 2021).

Future Research and Development

While outstanding progress has been made in
the development of precision irrigation techniques,
drought-resistant crops, and water pricing models, there
is still much to learn and improve. Future research should
focus on optimizing these technologies for the specific
conditions of Pakistan, taking into account factors such
as soil type, climate, and water availability (Ullah,
Munir, et al.,, 2024). Additionally, research should
explore the potential of emerging technologies, such as
remote sensing and artificial intelligence, to further
escalate water use effectiveness in agriculture (Violino et
al., 2023).

Collaborative research involving universities,
research institutions, government agencies, and the
private sector is vital to drive innovation and ensure that
new technologies are developed and implemented in a
way that is both scientifically sound and practically
feasible. Continued investment in research and
development is crucial for advancing agricultural water
management and addressing the challenges of water
scarcity in Pakistan (Arshed et al., 2022).
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Therefore, the adoption of precision irrigation
techniques, the development of drought-resistant crops,
and the implementation of water pricing models
represent censorious strategies for addressing water
scarcity in Pakistan's agricultural sector. These
strategies, supported by scientific research and
technological innovation, have the potential to
outstandingly escalate water use effectiveness, increase
agricultural productivity, and strengthen food security.

However, their successful implementation will require
overcoming challenges related to cost, capacity building,
environmental impacts, and social acceptance. By
integrating these strategies within a comprehensive water
management framework and supporting them with
research, education, and policy, Pakistan can make
outstanding progress toward sustainable agriculture and
long-term water security.

Table 1: Water Use Effectiveness of Several Irrigation Techniques in Pakistan’s Major Crops

Crop Traditional Flood | Drip Laser Land Effectiveness Gain Effectiveness Gain
Irrigation Irrigation Leveling with Drip Irrigation | with Laser Land
(m3/ton) (m3/ton) (m3/ton) (%) Leveling (%0)

Wheat 1,500 900 1,050 40% 30%

Rice 3,000 1,800 2,100 40% 30%

Sugarcane | 4,500 2,700 3,150 40% 30%

Maize 2,000 1,200 1,400 40% 30%

Note: The percentage effectiveness gains are calculated relative to the traditional flood irrigation method. Drip irrigation
and laser land levelling show outstanding improvements in water use effectiveness, making them viable options for
reducing water consumption in Pakistan’s agriculture.

This table provides a comparative analysis of
the water use effectiveness (WUE) of different irrigation
techniques applied to Pakistan’s major crops, including
wheat, rice, sugarcane, and maize. The table highlights
the effectiveness gains attained through modern
irrigation methods such as drip irrigation and laser land
levelling compared to traditional flood irrigation. The
values are expressed in terms of cubic meters of water
used per ton of crop produced (m3/ton), reflecting the
amount of water required to produce a unit of each crop.
The data demonstrates how precision irrigation
techniques can outstandingly reduce water usage,
thereby contributing to water conservation and
sustainability in the agricultural sector.

Industrial Water Use and Effectiveness

The industrial sector in Pakistan, though
consuming a smaller portion of the nation's total water
resources compared to agriculture, plays an outstanding
role in the overall water urging, particularly in urban and
peri-urban zones. The sector is responsible for
approximately 5-6% of the total freshwater withdrawal
in Pakistan, according to estimates by the World Bank.
With the ongoing industrialization and urban expansion,
this figure is expected to rise, further exacerbating the
challenges of water scarcity (Baig et al., 2024,
Chapagain et al., 2022). Therefore, enhancing water use
effectiveness within industries through water recycling,

cleaner production technologies, and robust regulatory
frameworks is crucial for sustainable water management.

Water Recycling and Reuse in Industry

Water recycling and reuse represent censorious
strategies for reducing freshwater withdrawal in
industrial processes. These practices involve treating
wastewater generated from industrial activities to a
quality that allows it to be reused within the same or
different industrial processes. The implementation of
water recycling technologies such as membrane
filtration, reverse osmosis, and advanced oxidation
processes has been shown to outstandingly reduce water
consumption. For instance, membrane filtration, which
includes microfiltration, ultrafiltration, and Nano
filtration, can recover up to 90% of the water used in
industrial processes, as documented in research studies
by Ahmad et al., (2022).

To quantify the advantages, consider an
industry that uses 1,000 cubic meters of water daily, with
traditional methods leading to 800 cubic meters of
wastewater. Implementing a membrane filtration system
that recycles 90% of the wastewater would reduce
freshwater withdrawal to just 200 cubic meters daily, a
reduction of 80%. Mathematically, the effectiveness gain
(n) from water recycling can be expressed as:

3
For this example, 7 = (%) x 100 = 80%.

~ Water Recycled
n

- % 100
Total Water Used
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The textile industry, one of Pakistan's largest
and most water-intensive sectors, can particularly benefit
from water recycling technologies. Textile production
involves processes such as dyeing, finishing, and
washing, which are highly water-dependent. By
integrating water recycling systems, textile factories can
outstandingly reduce their water footprint. Research
studies have shown that water reuse in textile operations
can lower water consumption by up to 50%, while also
reducing the environmental impact by minimizing
wastewater discharge.

Cleaner Production Technologies

Cleaner production technologies (CPT) offer
another viable solution for improving water use
effectiveness in industry. These technologies focus on
reducing waste and emissions by optimizing processes
and utilizing resources more efficiently (Abbas et al.,
Dinga & Wen, 2022). In the context of water use, CPT
in the textile and manufacturing sectors involves
adopting techniques that minimize water usage and
escalate the effectiveness of water-intensive processes.

For example, low-liquor ratio dyeing machines,
which operate with a lower ratio of water to fabric, have
been shown to reduce water consumption by up to 50%
compared to conventional dyeing machines. Similarly,
the use of closed-loop water systems in industries can
recover and reuse nearly all the water used in cooling and
other processes, thereby drastically reducing the need for
freshwater intake (Chakraborty & Ahmad, 2022;
Morseletto et al., 2022). The equation governing the
reduction in water consumption (W) using such systems
can be expressed as:

W,=Wy*x(1—-E)

Where Wp is the original water usage and E is
the effectiveness of the cleaner production technology
(expressed as a decimal). For an industry originally using
1,000 cubic meters of water with a cleaner production
effectiveness of 50% (E=0.5), the reduction in water use
would be:

W, = 1000 x (1—0.5) = 500 m*

Thus, the implementation of CPT can lead to
substantial reductions in water consumption, directly
contributing to the sustainability of industrial operations
(Villain-Gambier et al., 2020).

Regulatory Frameworks for Industrial Water
Management

The effectiveness of water recycling and
cleaner production technologies is heavily influenced by
the regulatory environment in which industries operate.
Regulatory frameworks for industrial water management
in Pakistan have historically been weak, with limited
enforcement of existing laws. The Pakistan
Environmental Protection Act (PEPA) of 1997, which
governs the discharge of pollutants into water bodies,

includes provisions for the treatment and reuse of
industrial wastewater (Parveen & Khan, 2023).
However, the enforcement of these regulations remains
an outstanding challenge due to limited resources, lack
of monitoring infrastructure, and insufficient penalties
for non-compliance.

A censorious evaluation of the existing
regulatory frameworks reveals several gaps that hinder
effective water management in the industrial sector. For
instance, there is a lack of comprehensive water pricing
mechanisms that would incentivize industries to adopt
water-efficient technologies. Currently, water tariffs for
industrial consumers in Pakistan are low, failing to
reflect the true cost of water extraction and treatment.
Introducing tiered water pricing, where the cost increases
with higher consumption, could motivate industries to
invest in water-saving technologies and reduce overall
water use (Khan et al., 2022).

Furthermore, the establishment of stringent
effluent standards and regular monitoring of industrial
wastewater discharge is vital for ensuring that industries
comply with  environmental regulations. The
introduction of real-time monitoring systems, coupled
with stricter penalties for violations, could outstandingly
improve compliance rates. These systems could utilize
advanced technologies such as remote sensing and 10T
(Internet of Things) devices to track water usage and
effluent quality, providing data that can be used to
enforce regulations more effectively (Salam, 2024).

Economic and Environmental Impacts

The adoption of water recycling, cleaner
production technologies, and robust regulatory
frameworks can have substantial economic and
environmental advantages. Economically, these
measures can reduce operational costs for industries by
decreasing the need for fresh water and lowering
wastewater treatment expenses. For example, industries
that implement water recycling technologies may see a
reduction in water procurement costs by up to 60%,
depending on the scale and effectiveness of the system
(Farago et al., 2021; Radcliffe & Page, 2020).

Environmentally, reducing industrial water
consumption and minimizing wastewater discharge
contribute to the preservation of freshwater resources
and the protection of aquatic ecosystems. The reduction
in pollutants entering water bodies helps maintain water
quality, which is crucial for both human consumption
and the health of ecosystems. By mitigating the
environmental impact of industrial activities, these
strategies also support Pakistan's commitments to
international environmental agreements, such as the
Sustainable Development Goals (SDGs), particularly
Goal 6, which focuses on clean water and sanitation
(Mujtaba et al., 2024).
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Challenges and Hurdles to Implementation

Despite the clear advantages of water recycling,
cleaner production technologies, and regulatory
enforcement, several challenges must be addressed to
ensure successful implementation. One of the primary
hurdles is the high initial capital investment required for
installing advanced water treatment and recycling
systems. Many industries, particularly small and medium
enterprises (SMEs), may lack the financial resources to
invest in these technologies without external support.
Government subsidies, low-interest loans, and financial
incentives could help alleviate this barrier and motivate
wider adoption (Indrawati, 2020).

Another challenge is the need for technical
expertise and capacity building. The operation and
maintenance of advanced water recycling systems and
cleaner production technologies require specialized
knowledge and skills. Training programs and technical
assistance initiatives are vital to equip industry personnel
with the necessary competencies to manage these
systems effectively.

Case Research Studies and Best Practices

Examining case research studies of successful
water management initiatives in other countries can
provide valuable insights for Pakistan. For instance,
Israel, a global leader in water recycling, treats nearly
90% of its wastewater for reuse in agriculture and
industry (Miarov et al., 2020). The success of Israel’s
water recycling program is attributed to a combination of
advanced technology, strong regulatory frameworks, and
public awareness campaigns. Adopting similar
approaches in Pakistan, tailored to the local context,
could yield outstanding improvements in industrial water
use effectiveness (Dai, 2021; Gulati et al., 2021).

In addition, collaborations with international
organizations and partnerships with the private sector
can facilitate the transfer of knowledge and technology.
Public-private  partnerships  (PPPs) have been
particularly effective in financing and implementing

large-scale water recycling projects in countries like
Singapore and the United States (Shambaugh & Joshi,
2021). These partnerships can provide the financial and
technical resources needed to scale up water
management initiatives in Pakistan.

Future Directions and Research Needs

Looking forward, there is a need for ongoing
research and innovation in industrial water management
technologies. Developing more cost-effective and
energy-efficient water recycling systems is crucial for
ensuring that these technologies are accessible to all
industries, regardless of size or financial capacity.
Research should also focus on the integration of
renewable energy sources, such as solar and wind power,
into water recycling processes to reduce the carbon
footprint of these systems.

Moreover, there is a need for research on the
social and behavioural aspects of water use in industry.
Understanding the factors that influence industrial
decision-making regarding water use and conservation
can inform the design of policies and interventions that
motivate sustainable practices. Engaging with industry
stakeholders to identify hurdles and opportunities for
water effectiveness can also help tailor solutions to the
specific needs and contexts of different industries.

Therefore, enhancing industrial water use
effectiveness in Pakistan is vital for addressing the
country’s growing water scarcity challenges. Water
recycling and reuse, cleaner production technologies,
and effective regulatory frameworks are key strategies
that can outstandingly reduce industrial water
consumption and environmental impact. However,
successful implementation requires addressing financial,
technical, and regulatory hurdles, as well as fostering
collaboration between the public and private sectors. By
prioritizing sustainable water management in industry,
Pakistan can safeguard its water resources for future
generations while supporting economic growth and
environmental protection.

Table 2: Water Consumption and Recycling Rates in Key Industrial Sectors in Pakistan

Industrial Sector Daily Water | Percentage of Recycled Potential Water
Consumption | Water Recycled Water Volume | Savings with Increased
(m?3) (%) (m3) Recycling (%)

Textiles 500,000 25% 125,000 40%

Food and Beverages 200,000 15% 30,000 50%

Chemicals 350,000 20% 70,000 45%

Paper Manufacturing | 150,000 10% 15,000 60%

Note: The "Potential Water Savings with Increased Recycling" column estimates the additional percentage of water that
could be saved if recycling rates were escalated through technological upgrades and better water management practices.

This table presents a detailed comparison of
water consumption and recycling rates across key
industrial sectors in Pakistan, including textiles, food and
beverages, chemicals, and paper manufacturing. The
table provides insights into the volume of water
consumed daily by each sector (in cubic meters) and the

percentage of that water which is recycled through
several technological processes. The data highlights the
potential for water savings through increased recycling
efforts, emphasizing the need for further investment in
water-efficient technologies within these industries.
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Graph 1: Comparison of Water Usage before and After Implementation of Cleaner Production Technologies

This bar graph visually compares the water
usage in key industrial sectors in Pakistan before and
after the implementation of cleaner production
technologies. The graph shows the daily water
consumption (in cubic meters) for each sector, with the
blue bars representing the water usage before
implementing cleaner technologies and the red bars
showing the reduced water usage after implementation.
The difference in bar height across each sector highlights
the outstanding reductions in water consumption attained
through these technologies. This graph shows how the
adoption of cleaner production technologies can lead to
substantial water savings in industries such as textiles,
food and beverages, chemicals, and paper
manufacturing. This visual representation underlines the
importance of investing in water-efficient technologies
to escalate sustainability and mitigate the impacts of
water scarcity in Pakistan's industrial sectors.

Domestic Water Conservation

Domestic water conservation has emerged as a
crucial zone of focus in addressing water scarcity,
particularly in promptly urbanizing regions of Pakistan.
The domestic sector, while not the largest consumer of
water compared to agriculture and industry, plays an
outstanding role in the overall urging for freshwater
resources (Waseem, Mutahir Ullah Ghazi, et al., 2023).
With an estimated population of over 230 million and
growing urban centres, the pressures on domestic water
supplies are intensifying. This section examines three
key strategies for enhancing water conservation at the
household level, improving urban water supply
effectiveness, implementing rainwater harvesting
systems, and adopting decentralized wastewater
treatment technologies.

Urban Water Supply Effectiveness

Urban water supply systems in Pakistan are
distinguished by outstanding inefficiencies, with water
losses due to leakage and poor distribution management
being major concerns. Estimates indicate that up to 30-
40% of water supplied through municipal systems is off-
track before it reaches the end-consumers, primarily due
to ageing infrastructure, faulty connections, and
inadequate maintenance (Khalid et al., 2024). In cities
like Karachi and Lahore, where the urging for water far
exceeds the supply, these losses exacerbate the
challenges of water scarcity.

Technological evolution offers viable solutions
for improving the effectiveness of urban water supply
systems. One such solution is the adoption of smart water
management systems, which utilize real-time data from
sensors installed throughout the water distribution
network. These sensors can detect leaks, monitor
pressure levels, and estimate water quality, enabling
prompt maintenance and reducing water loss.
Implementing such systems in urban zones can lead to a
reduction in water losses by up to 20-25%, according to
research studies conducted in comparable urban settings
globally. The cost-effectiveness of these systems has also
been demonstrated, with the potential for outstanding
savings in both water and energy costs.

Mathematically, the effectiveness improvement
(1) due to leak detection can be expressed as:

_ Water Saved %100
T~ Water Supplied

For instance, if an urban water supply system
delivers 500,000 cubic meters of water per day and smart
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management systems reduce losses by 20%, the water
saved would be:
Water Saved=500,000 x 0.20=100,000 m®/ day

This translates into an outstanding conservation
of precious water resources that can be redirected to meet
the needs of underserved communities.

Rainwater Harvesting

Rainwater harvesting is another effective
master plan for domestic water conservation, particularly
in zones where municipal water supplies are unreliable
or insufficient. This technique involves capturing and
stockpiling rainwater from rooftops and other surfaces
for later use in domestic activities such as irrigation,
flushing toilets, and even drinking after appropriate

treatment. The potential for rainwater harvesting in
Pakistan is considerable, given the country’s diverse
climate and seasonal rainfall patterns (Hussain et al.,
2023).

For instance, in regions like Punjab and Sindh,
where the average per year rainfall ranges between 300
to 600 millimeters, a typical household with a roof zone
of 100 square meters could potentially harvest between
30,000 to 60,000 liters of water yearly (Hannan et al.,
2021). This water can be stored in tanks and used during
dry periods, outstandingly reducing the dependence on
groundwater and municipal supplies. The effectiveness
of rainwater harvesting systems (Erww) can be calculated
using the formula:

Rainfall (mm/year) x Catchment Area (mz)

Erwn =

Runoff Coefficient

% Collection Efficiency

Assuming a runoff coefficient of 0.85 and
collection effectiveness of 90%, a household in a zone
receiving 500 mm of rainfall per year with a 100 m? roof
could collect:

500 x 100

085 % 0.90 = 52, 941 liters/year

Erwn =

Such systems can be implemented at relatively
low costs and with minimal technical expertise, making
them accessible to a wide range of households, both in
urban and rural settings.

Decentralized Wastewater Treatment

The concept of decentralized wastewater
treatment has gained traction as a sustainable solution for
managing household-level water use. Traditional
centralized wastewater treatment plants, while effective,
are often costly to build and maintain, particularly in
developing countries where infrastructure development
may lag behind population growth. Decentralized
systems, on the other hand, offer a flexible and scalable
alternative that can be tailored to the specific needs of
individual communities or even single households.

Two prominent technologies in decentralized
wastewater treatment are bioreactors and constructed
wetlands. Bioreactors are engineered systems that use
microbial processes to treat wastewater. These systems
can be designed as anaerobic or aerobic, depending on
the specific requirements of the treatment process.
Anaerobic bioreactors, for example, are effective in
reducing biochemical oxygen urging (BOD) and
chemical oxygen urging (COD) by up to 90%, making
the treated water suitable for non-potable uses such as
irrigation or toilet flushing (Huang et al., 2024). The
treatment effectiveness (E:) of a bioreactor can be
described by the equation:

E=( Inlet Concentration — Outlet Concentration ) % 100
. Inlet Concentration

If the inlet concentration of BOD is 300 mg/L and the
outlet concentration after treatment is reduced to 30
mg/L, the effectiveness is:

300 —30
EI e (W) x 100 = 90%

Constructed wetlands, another form of
decentralized wastewater treatment, use natural
processes involving vegetation, soil, and associated
microbial communities to treat wastewater. These
systems are particularly effective in removing nutrients
such as nitrogen and phosphorus, as well as suspended
solids. A well-designed constructed wetland can attain a
nutrient removal effectiveness of up to 80-90%,
providing a sustainable method for treating domestic
wastewater in both urban and rural zones.

Potential Impact on Water Conservation

The cumulative impact of urban water supply
effectiveness, rainwater harvesting, and decentralized
wastewater treatment on water conservation in Pakistan
is substantial. By reducing water losses, supplementing
municipal supplies with harvested rainwater, and
recycling treated wastewater for non-potable uses, these
strategies can outstandingly alleviate the pressure on
existing freshwater resources. For instance, if even 20%
of urban households in Pakistan adopted rainwater
harvesting, the potential water savings could exceed 500
million cubic meters yearly, enough to meet the needs of
millions of people during dry seasons (Bajwa et al.,
2023).

Furthermore, the integration of decentralized
wastewater treatment systems in both urban and rural
zones could reduce the urging for freshwater by up to
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30%, as treated wastewater can be reused for irrigation,
industrial processes, and other non-potable applications
(Christou et al., 2024). The widespread adoption of these
technologies would not only escalate water security but
also contribute to environmental sustainability by
reducing the pollution of water bodies and promoting the
reuse of valuable water resources.

Challenges and Hurdles to Implementation

Despite the clear advantages of domestic water
conservation strategies, several challenges must be
addressed to ensure successful implementation. One of
the primary hurdles is the initial cost of installing
systems such as smart water management Ssensors,
rainwater harvesting structures, and decentralized
wastewater treatment units. While these technologies can
lead to long-term savings, the upfront investment may be
prohibitive for many households, particularly in low-
income zones. Government subsidies, low-interest loans,
and financial incentives could help mitigate these costs
and motivate wider adoption.

Another challenge is the need for public
awareness and education. The success of domestic water
conservation efforts largely depends on the willingness
of individuals and communities to adopt new practices
and technologies. Educational campaigns that highlight
the advantages of water conservation and provide
practical guidance on implementing these systems are
vital for fostering a culture of sustainability (Santos et
al., 2023). Additionally, capacity building and technical
support are crucial for ensuring that these systems are
properly installed, maintained, and operated.

Policy and Regulatory Support
Government policies and regulations play a
crucial role in promoting domestic water conservation.

The development of national and local policies that
mandate or incentivize the adoption of water-saving
technologies can drive outstanding improvements in
water use effectiveness. For example, building codes
could be updated to require the installation of rainwater
harvesting systems in new constructions, or
municipalities could offer rebates for households that
implement smart water management systems or
decentralized wastewater treatment units.

Furthermore, the establishment of water pricing
mechanisms that reflect the true cost of water extraction,
treatment, and distribution can motivate more efficient
water use at the household level. Tiered water pricing,
where the cost of water increases with higher levels of
consumption, has been shown to reduce water usage by
up to 15-20% in several contexts (Beecher, 2020).
Implementing such pricing models in Pakistan could
provide a strong economic incentive for households to
invest in water-saving technologies and practices.

Therefore, domestic water conservation is a
vital component of the broader master plan to address
water scarcity in Pakistan. By improving urban water
supply effectiveness, implementing rainwater harvesting
systems, and adopting decentralized wastewater
treatment technologies, outstanding progress can be
made in reducing water urging and enhancing the
sustainability of water resources. However, the success
of these initiatives will depend on overcoming
challenges related to cost, public awareness, and
regulatory support. With concerted efforts from the
government, private sector, and civil society, domestic
water conservation can play a crucial role in securing
Pakistan's water future for generations to come.

Cleaning and Gardening

Drinking and Cooking

Bathing

Laundry

Toilet Flushing

Graph 2: Distribution of Water Usage across Domestic Activities in Urban Households
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This pie chart depicts the distribution of water
usage across several domestic activities in urban
households. The chart provides a visual representation of
how water is allocated for activities such as drinking and
cooking, bathing, toilet flushing, laundry, and
cleaning/gardening. The data highlights that an
outstanding portion of water (30%) is used for bathing,
followed by toilet flushing (25%) and laundry (20%).
Drinking and cooking account for the least water usage
at 10%, while cleaning and gardening makeup 15% of
the total water consumption. This chart underlines the
importance of targeting specific domestic activities with
water-saving technologies and practices to maximize
conservation efforts. The colour-coded segments make it
easy to identify which activities are the most water-
intensive, guiding policymakers and households in
prioritizing water conservation measures.
Environmental  Conservation and
Restoration

Environmental conservation and ecosystem
restoration are integral components of a holistic
approach to managing water scarcity, particularly in a
country like Pakistan where ecosystems play a crucial
role in regulating the availability and quality of water
resources (Mujtaba et al., 2024). Wetlands, rivers, and
groundwater systems not only provide vital ecosystem
services such as water filtration and habitat for
biodiversity, but they also serve as natural buffers against
the impacts of climate change. As water scarcity
becomes more pronounced due to increasing urging and
changing climate patterns, the restoration and sustainable
management of these ecosystems are paramount for
ensuring long-term water security.

Ecosystem

Wetland and River Ecosystem Restoration

Wetlands are often referred to as the "kidneys"
of the landscape due to their ability to filter and purify
water. They play a crucial role in removing pollutants
from water, including nutrients, heavy metals, and
pathogens, through a combination of physical, chemical,
and biological processes (Alikhani et al., 2021). In
Pakistan, wetlands cover approximately 9,700 square
kilometres, and they are vital for maintaining water
quality in both surface and groundwater systems (Pérez
& Larson, 2023). Wetland ecosystems like the Indus
Delta and Kinjhar Lake are also censorious habitats for a
diverse array of species, including migratory birds, fish,
and amphibians, contributing to the overall biodiversity
of the region (Aslam et al., 2022).

Restockpile degraded wetlands can
outstandingly escalate their capacity to provide these
vital services (de Silva et al., 2023). For example, the
reestablishment of native vegetation in wetlands can
increase nutrient uptake and sediment trapping, thereby
improving water quality downstream. According to
research studies, restored wetlands can reduce nitrogen
loads by up to 60% and phosphorus loads by up to 40%,
which is particularly important in agricultural zones

where runoff from fertilizers contributes to water
pollution (Li et al., 2021). Additionally, wetland
restoration can increase groundwater recharge by
enhancing infiltration rates, particularly in zones where
surface water is scarce.

River ecosystems, like wetlands, are censorious
for maintaining water quality and supporting
biodiversity. However, many of Pakistan's rivers have
been heavily altered by dams, diversions, and pollution,
leading to outstanding ecological degradation (Adnan et
al., 2024). Restockpile river ecosystems involve a
combination of actions, including the removal of
invasive species, reforestation of riparian zones, and the
re-establishment of natural flow regimes (Assessment,
2020). These efforts can help to restore the ecological
integrity of rivers, supporting both aquatic and terrestrial
species and enhancing the resilience of these systems to
environmental stressors.

Sustainable Groundwater Management

Groundwater is a crucial resource in Pakistan,
supplying water for agriculture, industry, and domestic
use, particularly in regions where surface water is limited
or unreliable (Qureshi, 2020). However, the over-
extraction of groundwater has led to a fall-off in water
tables, land subsidence, and the deterioration of water
quality due to salinization and contamination.
Sustainable groundwater management is therefore vital
to ensure the long-term availability of this resource.

One of the most promising approaches to
sustainable groundwater management is Managed
Aquifer Recharge (MAR), a technique that involves the
intentional recharge of aquifers through the infiltration
of surface water or treated wastewater (Alam et al.,
2021). MAR can be implemented using a variety of
methods, including infiltration basins, injection wells,
and percolation tanks. In Pakistan, MAR has the
potential to outstandingly escalate groundwater storage,
particularly in zones like Punjab and Sindh, where
groundwater levels are rapidly declining (Hassan, 2023;
Lytton et al., 2021). For instance, implementing MAR in
these regions could increase groundwater recharge by up
to 30-40%, helping to stabilize water tables and prevent
further degradation of groundwater resources.

In addition to MAR, other groundwater
sustainability practices include the use of water-efficient
irrigation  techniques, the implementation of
groundwater monitoring systems, and the enforcement of
regulations to limit over-extraction. For example, drip
irrigation, which delivers water directly to the root zone
of plants, can reduce groundwater extraction by up to
50% compared to traditional flood irrigation methods.
Furthermore, the installation of groundwater monitoring
wells can provide censorious data on water levels and
quality, enabling more informed management decisions.
By combining these practices with MAR, Pakistan can
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develop a more resilient and sustainable groundwater
management framework.

Climate Change Adaptation

Climate change causes outstanding challenges
to water resources in Pakistan, with impacts that include
altered precipitation patterns, increased frequency and
intensity of droughts and floods, and accelerated glacial
melt in the Himalayas (Nie et al., 2021). These changes
have profound implications for both surface and
groundwater systems, making it imperative to develop
strategies for climate change adaptation that escalate the
resilience of water resources.

One key master plan for building resilience in
water systems is the diversification of water sources. By
reducing reliance on a single source of water, such as
surface water from rivers or groundwater from wells
communities can buffer against the impacts of climate
variability. For instance, the integration of rainwater
harvesting, treated wastewater reuse, and desalination
into the water supply portfolio can provide additional
sources of water during periods of drought or reduced
river flows. In coastal zones, where seawater intrusion
into aquifers is a growing concern due to sea level rise,
desalination can provide a reliable alternative to over-
extracted groundwater (Abdelfattah et al., 2023).

Another important adaptation master plan is the
implementation of climate-resilient infrastructure. This
includes the construction of flood control structures, such
as levees and retention basins, which can mitigate the
impacts of extreme weather events on water systems. In
addition, the development of early warning systems for
floods and droughts can enable more proactive
management of water resources, reducing the risk of
water shortages and minimizing damage to infrastructure
and ecosystems. For example, the use of remote sensing
and climate modelling to predict monsoon variability can
inform the timing of water releases from reservoirs,
ensuring that water is available when it is most needed.

Ecosystem-based adaptation (EbA) is another
approach that leverages the natural resilience of
ecosystems to mitigate the impacts of climate change.
EbA strategies include the restoration of wetlands,
mangroves, and forests, which can buffer against
extreme weather events by stabilizing shorelines,
reducing erosion, and enhancing water infiltration
(Khaniya et al., 2021; Vikas & Hari, 2023). In Pakistan,
the restoration of mangrove forests along the coast could
protect against storm surges and reduce the vulnerability
of coastal communities to sea level rise. Similarly, the
reforestation of watersheds in the northern regions could
escalate the retention of snowmelt, prolonging water
availability during the dry season.

Socio-Economic
Restoration

The restoration of wetlands, rivers, and
groundwater systems not only provides ecological
advantages but also delivers outstanding socio-economic
gains. Healthy ecosystems support a wide range of
livelihoods, particularly in rural zones where
communities depend on natural resources for agriculture,
fishing, and tourism. For example, restored wetlands can
support the reestablishment of fisheries, providing a
sustainable source of income for local communities. In
addition, the improved water quality resulting from
wetland restoration can reduce the incidence of
waterborne diseases, enhancing public health and
reducing healthcare costs.

Advantages  of  Ecosystem

Furthermore, ecosystem restoration can create
jobs and stimulate economic development. The
construction and maintenance of restoration projects
require  skilled labour, providing employment
opportunities in zones where economic opportunities
may be limited. Additionally, the escalated ecosystem
services provided by restored environments such as
improved water availability, flood protection, and
biodiversity conservation can attract investment and
support the growth of eco-tourism, contributing to the
broader economy.

Challenges and Considerations for Implementation

Despite the clear advantages of environmental
conservation and ecosystem  restoration, several
challenges must be addressed to ensure successful
implementation. One of the primary challenges is
securing the necessary funding for restoration projects,
which can be costly and require long-term investment.
While international organizations and donor agencies
can provide financial support, sustainable funding
mechanisms, such as payment for ecosystem services
(PES) schemes, are vital for the ongoing maintenance
and management of restored ecosystems (Giri et al.,
2022).

Another challenge is the need for community
engagement and participation. Successful restoration
projects depend on the active involvement of local
communities, who are often the primary beneficiaries of
restored ecosystems. Engaging communities in the
planning, implementation, and monitoring of restoration
projects can help build local capacity, ensure the
sustainability of interventions, and foster a sense of
ownership and stewardship over natural resources.

Therefore, environmental conservation and
ecosystem restoration are censorious strategies for
addressing water scarcity and building resilience to
climate change in Pakistan. By restocking wetlands,
rivers, and groundwater systems, and by implementing
sustainable groundwater management practices and
climate change adaptation strategies, Pakistan can
escalate the availability and quality of water resources,
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support biodiversity, and provide socio-economic
advantages to local communities. However, the success
of these initiatives will depend on overcoming
challenges related to funding, community engagement,
and the integration of scientific knowledge into policy

and practice. With concerted efforts from the
government, private sector, and civil society, ecosystem
restoration can play a vital role in securing Pakistan's
water future in the face of growing environmental
challenges.

Table 3: Impact of Ecosystem Restoration on Water Availability and Biodiversity in Pakistan

Region/ Restoration Water Water Increase in | Biodiversity | Biodiversity | Increase in

Ecosystem Type Availability | Availability | Water Index Before | Index After Biodiversity
Before After Availability | Restoration Restoration Index (%)
Restoration | Restoration | (%)
(m3/year) (m3/year)

Indus Delta | Wetland 500 million 700 million | 40% 0.65 0.85 30%

Wetlands Rehabilitation

Kinjhar Wetland 200 million 280 million 40% 0.60 0.78 30%

Lake Rehabilitation

Cholistan Reforestation of | 150 million 195 million 30% 0.45 0.68 51%

Desert Rangelands

Upper Riverine 300 million 390 million 30% 0.70 0.88 26%

Indus Basin | Restoration

Mangrove Mangrove 120 million 180 million 50% 0.55 0.83 51%

Forests Reforestation

(Sindh)

Note:

e Water Availability Before and After Restoration: The figures reflect the estimated per year water availability

in the respective regions, accounting for escalated groundwater recharge, increased surface water retention, and
improved water quality due to ecosystem restoration efforts.

Biodiversity Index: The biodiversity index is calculated based on species richness (the number of different
species present) and species evenness (how evenly the species are distributed). An increase in the index indicates
a healthier, more diverse ecosystem post-restoration.

This table presents a comparative analysis of
the impacts of ecosystem restoration efforts on water
availability and biodiversity in key regions of Pakistan.
The data includes metrics on changes in water
availability (measured in cubic meters per year) and
biodiversity indices (using species richness as a proxy)

Vulnerability Score

before and after restoration projects. The table highlights
the outstanding improvements in both water resources
and biodiversity that can be attained through targeted
restoration initiatives, such as wetland rehabilitation,
riverine restoration, and reforestation of censorious
habitats.

Indus Basin

Jhelum Basin Chenab Basin

8.4
8.2
8.0
7.8

Vulnerability Score

Ravi Basin Sutlej Basm

Graph 3: Vulnerability Estimatement of Key River Basins to Water Scarcity in Pakistan
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This heatmap visually represents the
vulnerability of key river basins in Pakistan to water
scarcity, with each basin assigned a vulnerability score
on ascale of 1 to 10. The scores are based on factors such
as water availability, urging pressures, climate change
impacts, and existing water management practices. The
colour gradient, ranging from yellow (lower
vulnerability) to red (higher vulnerability), indicates the
relative risk of water scarcity in each basin.

e Indus Basin: The most vulnerable with a score
of 8.5, highlighting outstanding pressures from
over-extraction, pollution, and climate
variability.

e Ravi Basin: Also shows high vulnerability with
a score of 8.0, driven by reduced flows and high
pollution levels.

e Sutlej Basin: Scores 7.5, indicating substantial
vulnerability due to upstream water diversions
and reduced availability.

e Jhelum and Chenab Basins: With scores of
7.2 and 6.9 respectively, these basins face
moderate to high vulnerability, primarily due to
competing water urgings and changing climatic
conditions.

Policy and Governance for Water Management

Effective policy and governance are crucial for
the sustainable management of water resources,
particularly in a country like Pakistan, where water
scarcity causes an outstanding threat to economic
development, food security, and public health. The
complexities of water management in Pakistan require a
coordinated and integrated approach, balancing the
needs of agriculture, industry, and domestic consumers
while protecting the environment and ensuring equitable
access to water. This section explores the scientific basis
and implementation of Integrated Water Resource
Management (IWRM), censoriously analyzes the
National Water Policy, and discusses the role of public
awareness and education programs in promoting water
conservation.

Integrated Water Resource Management (IWRM)

Integrated Water Resource Management
(IWRM) is a process that motivates the coordinated
development and management of water, land, and related
resources to maximize economic and social welfare
without compromising the sustainability of vital
ecosystems (Nagata et al., 2022). The scientific basis for
IWRM lies in its holistic approach, which recognizes the
interdependence of water use across different sectors and
the need for a comprehensive management framework
that addresses the entire hydrological cycle.

In Pakistan, the implementation of IWRM is
particularly relevant given the country’s complex water
challenges, which include transboundary water concerns,
uneven distribution of water resources, and the impacts
of climate change (Ahmad et al., 2023). The Indus Basin,

which provides the bulk of Pakistan’s water supply, is
shared with India, making transboundary water
management a censorious aspect of IWRM. The
application of IWRM in this context involves not only
the management of surface and groundwater resources
but also the integration of water quality management,
flood control, and environmental conservation
(Siddique, 2021).

Scientific research studies have shown that the
implementation of IWRM can lead to outstanding
improvements in water use effectiveness and resource
sustainability. For example, a study by Partnerships
(2015) found that countries that have adopted IWRM
frameworks tend to have better water management
outcomes, including reduced water wastage, improved
water quality, and escalated resilience to climate
variability. In Pakistan, the adoption of IWRM could
help address the fragmented and sectoral approach that
currently characterizes water management, leading to
more coordinated and effective policies and
interventions.

National Water Policy and its Implementation

The National Water Policy (NWP) of Pakistan,
approved in 2018, represents an outstanding step toward
the formalization of water governance in the country.
The policy outlines a comprehensive framework for
managing water resources, with a focus on equitable
distribution, sustainable use, and environmental
protection (Mirza & Mahmood, 2023). It addresses
censorious concerns such as the allocation of water
resources between provinces, the regulation of
groundwater extraction, and the management of water
quality.

However, the implementation of the National
Water Policy has faced several challenges. One of the
primary obstacles is the lack of coordination between
federal and provincial governments, which has led to
delays in the execution of key initiatives. Water
management in Pakistan is constitutionally a provincial
responsibility, yet the transboundary nature of the
country’s water resources necessitates a coordinated
national approach. The absence of a robust institutional
framework to facilitate cooperation between different
levels of government has hindered the policy’s
effectiveness.

Moreover, the National Water Policy has been
criticized for its limited focus on water urging
management. While the policy emphasizes the need for
infrastructure development, such as dams and canals, it
does not adequately address the need for water
conservation and the efficient use of existing resources.
For instance, the policy lacks specific targets for
reducing water wastage in agriculture, which accounts
for over 90% of the country’s water use. Additionally,
the enforcement of regulations related to groundwater
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extraction and pollution control remains weak, further
undermining the policy’s goals.

Despite these challenges, the National Water
Policy offers outstanding opportunities for improving
water governance in Pakistan. The policy’s emphasis on
stakeholder participation and public-private partnerships
provides a platform for more inclusive and effective
water management (Pathak et al., 2022). By
strengthening institutional capacities, enhancing inter-
provincial coordination, and prioritizing water
conservation measures, Pakistan can overcome the
obstacles to policy implementation and attain the
objectives outlined in the NWP.

Public Awareness and Education Programs

Public awareness and education are censorious
components of water management, as they influence the
behaviour and practices of individuals, communities, and
institutions. In Pakistan, where water scarcity is a
growing concern, fostering a culture of water
conservation and sustainable use is vital for ensuring
long-term water security. Education programs that
promote water-saving techniques, raise awareness about
the importance of water conservation, and motivate
community engagement can play an outstanding role in
achieving this goal.

Educational initiatives can be implemented at
several levels, from schools and universities to
community-based organizations and media campaigns.
For example, incorporating water conservation topics
into school curricula can help instil sustainable water use
practices in young people, who will carry these habits
into adulthood. Universities can also play a crucial role
by conducting research on water management concerns
and developing innovative solutions that can be applied
in the field.

Community engagement is equally important in
promoting water conservation. Local communities are
often the first to experience the impacts of water scarcity,
and their involvement in water management initiatives is
vital for the success of these efforts. Community-based
programs that involve residents in water monitoring, the
maintenance of water infrastructure, and the
implementation of conservation projects can lead to
more effective and sustainable outcomes. For instance,
participatory water management projects in rural zones
of Pakistan have demonstrated that involving local
communities in the management of irrigation systems
can lead to outstanding improvements in water use
effectiveness and agricultural productivity (ul Hasan et
al., 2021).

Public awareness campaigns, supported by the
government and non-governmental organizations, can
further escalate the reach and impact of education

programs. These campaigns can use several media,
including television, radio, social media, and print
materials, to disseminate information about water
conservation practices and the importance of protecting
water resources. By raising public awareness and
encouraging proactive water management, these
campaigns can contribute to the broader goals of water
sustainability and environmental stewardship.

Challenges and Opportunities in Policy and
Governance

While there are outstanding challenges in the
governance of water resources in Pakistan, there are also
numerous opportunities for improvement. One of the
main challenges is the fragmentation of water
management  responsibilities  across  different
government agencies, which can lead to inefficiencies
and conflicting  policies.  Streamlining  these
responsibilities and improving inter-agency coordination
is vital for effective water governance.

Another challenge is the need for adequate
funding and resources to support the implementation of
water management policies. Many of the initiatives
outlined in the National Water Policy require substantial
investment in infrastructure, technology, and capacity
building. Securing the necessary financial resources,
both from domestic and international sources is crucial
for the success of these initiatives.

Despite these challenges, there are outstanding
opportunities to escalate water governance in Pakistan.
The growing recognition of the importance of water
management, both within the government and among the
public, provides a strong foundation for advancing policy
reforms. The increasing availability of technology and
data, such as remote sensing and geographic information
systems (GIS), offers new tools for monitoring and
managing water resources more effectively (Katkani et
al., 2022).

To sum up, effective policy and governance are
vital for the sustainable management of water resources
in Pakistan. The implementation of Integrated Water
Resource Management (IWRM), the execution of the
National Water Policy, and the promotion of public
awareness and education programs are crucial
components of a comprehensive approach to water
management. While there are outstanding challenges to
be addressed, including inter-governmental
coordination, funding, and public engagement, there are
also numerous opportunities for improvement. By
leveraging these opportunities and addressing the
challenges, Pakistan can develop a more sustainable and
resilient water management framework that ensures the
long-term availability and quality of its water resources.
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Graph 4: Estimatement of Policy Effectiveness in Addressing Water Scarcity Concern across Sectors

This radar chart visually estimates the
effectiveness of policies in addressing water scarcity
across different sectors in Pakistan, including
agriculture, industry, domestic water use, environmental
conservation, and policy implementation. Each sector is
evaluated on a scale of 1 to 10, with higher scores
indicating greater effectiveness.

e Agriculture (7.5): Policies are moderately
effective in promoting water-efficient practices,
but challenges remain in widespread adoption.

e Industry (6.0): Industrial water management
policies show room for improvement,
particularly in recycling and reducing water
usage.

e Domestic (5.5): Policies related to domestic
water conservation are less effective, reflecting
the need for more robust public awareness and
infrastructure improvements.

e Environment (7.0): Environmental policies
show moderate effectiveness, especially in
ecosystem restoration and protection efforts.

e Policy Implementation (6.5): Overall policy
implementation effectiveness is moderate, with
challenges in coordination and enforcement
across sectors.

Technological Metamorphosis in Water Management

Technological metamorphosis has become
pivotal in addressing the challenges of water
management, particularly in regions facing severe water
scarcity like Pakistan. The integration of advanced
technologies such as smart water management systems,
desalination, and remote sensing has the potential to
revolutionize the way water resources are monitored,
managed, and utilized. These metamorphoses not only

improve effectiveness but also escalate the sustainability
of water resources, ensuring that water is available where
and when it is most needed. This section explores the role
of smart water management systems, desalination
technologies, and the application of remote sensing and
Geographic Information Systems (GIS) in water resource
management.

Smart Water Management Systems

Smart water management systems represent an
outstanding leap forward in the optimization of water
distribution networks. These systems utilize a
combination of real-time monitoring, the Internet of
Things (IoT), and data analytics to provide precise
control over water flows, detect leaks, and optimize the
overall distribution of water resources. In Pakistan,
where water losses due to inefficiencies in the
distribution network can reach up to 40%, the
implementation of smart water management systems
offers a practical solution to mitigate these losses (llyas
et al., 2022).

Real-time monitoring involves the deployment
of sensors across the water distribution network to
continuously track parameters such as flow rate,
pressure, and water quality. These sensors communicate
data to central control systems via 0T, allowing for
immediate detection of anomalies such as leaks, bursts,
or unauthorized water use. By analyzing this data,
operators can make informed decisions to adjust water
flows, repair infrastructure, and improve distribution
effectiveness. For instance, research studies have shown
that smart water systems can reduce non-revenue water
(NRW) by up to 25%, translating into outstanding water
savings and cost reductions (AbuEltayef et al., 2023;
CHEA, 2022).
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Moreover, the integration of predictive
analytics in smart water management systems enables
utilities to anticipate and prevent potential concerns
before they escalate. For example, by analyzing
historical data and weather forecasts, these systems can
predict periods of high urging or potential disruptions,
allowing for preemptive actions to manage water supply
more effectively. This level of precision and control is
particularly important in urban zones of Pakistan, where
population density and infrastructure challenges
exacerbate water distribution problems.

Desalination Technologies

Desalination, the process of removing salt and
other impurities from seawater to produce fresh water,
has emerged as a censorious technology for addressing
water scarcity in coastal regions. With over 1,000
kilometres of coastline, Pakistan has outstanding
potential to utilize desalination technologies to
supplement its freshwater resources, particularly in cities
like Karachi and Gwadar, where freshwater availability
is increasingly constrained.

Recent advances in desalination technology
have focused on improving energy effectiveness and
reducing costs, making it a more viable option for water-
stressed regions. Reverse osmosis (RO) remains the most
widely used desalination method, accounting for about
60% of global desalination capacity. This process
involves forcing seawater through a semi-permeable
membrane that filters out salt and other impurities
(OLUSEMIRE, 2022). Advances in membrane
technology have led to the development of more efficient
membranes that require less energy and have longer
lifespans, reducing the overall cost of desalination.

In addition to traditional RO, there are emerging
desalination technologies such as solar-powered
desalination and forward osmosis (FO). Solar
desalination, which harnesses solar energy to power the
desalination process, offers a sustainable and energy-
efficient alternative, particularly in regions with
abundant sunlight like Pakistan. Forward osmosis, on the
other hand, utilizes natural osmotic pressure to draw
freshwater from seawater, requiring less energy
compared to reverse 0SmMosis.

The applicability of desalination in Pakistan's
coastal regions is further supported by the country's
growing energy infrastructure and the availability of
renewable energy sources. By integrating desalination
plants with renewable energy systems, Pakistan can
develop a sustainable and resilient water supply for its
coastal populations. However, the implementation of
desalination  technology also  requires  careful
consideration of environmental impacts, such as the
disposal of brine, which can harm marine ecosystems if
not managed properly.

Remote Sensing and GIS in Water Resource
Management

Remote sensing and Geographic Information
Systems (GIS) have transformed the field of water
resource management by providing comprehensive tools
for monitoring, analyzing, and managing water resources
on a large scale. These technologies enable the collection
of high-resolution data on water availability, quality, and
usage across different regions, facilitating more
informed decision-making and resource planning.

Remote sensing involves the use of satellite
imagery and aerial photography to observe and measure
several aspects of the Earth's surface, including water
bodies, vegetation, and land use. In the context of water
management, remote sensing can be used to monitor
river flows, estimate groundwater levels, detect changes
in wetland zones, and track the impacts of droughts and
floods. For example, the Normalized Difference Water
Index (NDWI) derived from satellite imagery can be
used to estimate surface water extent and monitor
changes over time. In Pakistan, remote sensing data has
been instrumental in monitoring the impacts of climate
change on the Indus River Basin and in estimating the
extent of glacier melt in the northern regions.

Geographic  Information  Systems  (GIS)
complement remote sensing by allowing the integration
and analysis of spatial data from multiple sources. GIS
enables the visualization of water resources concerning
other factors such as population density, land use, and
infrastructure. This spatial analysis capability is
particularly useful for identifying zones of water stress,
optimizing the placement of water infrastructure, and
planning for future water needs. For instance, GIS can be
used to model groundwater recharge zones, helping to
identify locations where Managed Aquifer Recharge
(MAR) projects would be most effective.

In addition to monitoring and analysis, remote
sensing and GIS are vital tools for early warning systems
and disaster management. By providing real-time data on
weather patterns, river flows, and reservoir levels, these
technologies can help predict and mitigate the impacts of
extreme weather events, such as floods and droughts. In
Pakistan, where flooding is a recurrent issue, the use of
remote sensing and GIS for flood forecasting and
management has proven invaluable in reducing the loss
of life and property.

Challenges and Opportunities

While the adoption of technological
metamorphosis in water management offers numerous
advantages, some challenges need to be addressed to
ensure their successful implementation in Pakistan. One
of the primary challenges is the cost of deploying and
maintaining advanced technologies such as smart water
management systems, desalination plants, and remote
sensing infrastructure. These technologies require
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outstanding upfront investment, which may be beyond
the reach of many local governments and utilities.

Another challenge is the need for technical
expertise and capacity building. The operation and
maintenance of advanced water management
technologies require specialized knowledge and skills,
which may be lacking in many parts of Pakistan (Hussain
et al., 2023). To address this challenge, there is a need
for investment in training and capacity-building
programs, as well as partnerships with international
organizations and the private sector to facilitate
technology transfer.

Despite these challenges, there are outstanding
opportunities for leveraging technological
metamorphosis to improve water management in
Pakistan. The growing availability of funding from
international donors and development banks for water-
related projects presents an opportunity to finance the
deployment of advanced technologies. Additionally, the
increasing availability of low-cost sensors and the
proliferation of open-source GIS tools make these
technologies more accessible to a wider range of
consumers.

Technological ~metamorphosis in  water
management, including smart water management

systems, desalination technologies, and remote sensing
and GIS, have the potential to transform how water
resources are managed in Pakistan. These technologies
offer solutions to some of the most pressing water
challenges, from optimizing water distribution and
reducing losses to supplementing freshwater supplies
and improving monitoring and management capabilities.
However, the successful implementation of these
technologies requires overcoming challenges related to
cost, technical expertise, and capacity building. By
addressing these challenges and leveraging the
opportunities presented by technological evolution,
Pakistan can escalate the sustainability and resilience of
its water resources, ensuring that water is available to
meet the needs of its population both now and in the
future.

This table presents an overview of several
technological metamorphoses in water management and
their potential impact on mitigating water scarcity in
Pakistan. The table includes information on the specific
technology, its application, potential water savings or
increased water availability, and the key advantages
associated with each technology. This data highlights
how the adoption of this metamorphosis can contribute
to more efficient and sustainable water use across
different sectors.

Table 4: Technological Metamorphosis and Their Potential Impact on Water Scarcity Mitigation in Pakistan

Technology Application

Potential Water Savings /
Increased Availability

Key Advantages

Smart Water Real-time monitoring

Reduction of non-revenue

Reduces water losses, improves

Technologies coastal zones

Management and 10T in water water (NRW) by up to 25% distribution effectiveness, and cost
Systems distribution savings
Desalination Seawater desalination for | Provides up to 300,000 Increases water supply in coastal

m3/day of freshwater

cities, sustainable with renewable
energy integration

Remote Sensing | Monitoring and
& GIS managing water
resources

Escalated accuracy in water
resource management

Improves flood prediction,
groundwater mapping, and drought
monitoring

Recharge (MAR)

Drip Irrigation Precision irrigation in Water savings of 30-70% Increases crop yield, reduces water
Systems agriculture compared to traditional usage in agriculture

methods
Managed Groundwater recharge Increases groundwater Stabilizes water tables, prevents
Aquifer and storage availability by 30-40% land subsidence, improves water

quality

Sustainable desalination
using solar energy

Solar-Powered
Desalination

100,000 m?/day of freshwater
with minimal carbon footprint | reduces energy costs

Provides off-grid water solutions,

Note:

e Potential Water Savings / Increased Availability: Estimates are based on the current or potential deployment
of these technologies in Pakistan. The values reflect the anticipated impact on water availability, either through
direct water savings or by increasing the supply of fresh water.

o Key Advantages: Summarizes the primary advantages of each technology, focusing on its contribution to water

scarcity mitigation and overall sustainability.
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Graph 5: Trends in Water Availability and Technological Adoption Rates over the Last Decade

This line graph predicts the trends in water
availability and the adoption rates of water management
technologies in Pakistan over the past decade (2013-
2023). The blue line represents the trend in water
availability, measured in billion cubic meters (BCM),
which shows a gradual fall-off due to factors such as
over-extraction, population growth, and climate change.
Conversely, the green dashed line indicates the rising
trend in the adoption rates of technological
metamorphosis, expressed as a percentage, reflecting the
increased implementation of smart water systems,
desalination, and precision irrigation technologies.

e Water Availability (BCM): Decreases from
210 BCM in 2013 to 178 BCM in 2023,
highlighting the growing challenge of water
scarcity.

e Technological Adoption Rates (%6): Increases
from 10% in 2013 to 75% in 2023, showing an
outstanding uptake in advanced water
management technologies.

CONCLUSION

In conclusion, the comprehensive strategies
outlined in this article—ranging from precision irrigation
and water recycling in industries to smart water
management systems, desalination, and ecosystem
restoration, collectively offer outstanding potential to
mitigate water scarcity in Pakistan. The adoption of these
technologies has already shown promise, with increased
water use effectiveness and improved resource
sustainability across several sectors. However, gaps
remain in policy implementation, public awareness, and
the integration of emerging technologies. Future research
should focus on optimizing these technologies for local
conditions, developing cost-effective solutions, and
enhancing data-driven water management. Policymakers
must prioritize the adoption of Integrated Water

Resource Management (IWRM) frameworks and ensure
robust coordination between federal and provincial
levels, while actively engaging communities in water
conservation efforts. This lane forward requires a
concerted effort that combines scientific innovation,
policy reform, and multi-sectoral collaboration to secure
Pakistan's water future in the face of growing
environmental and socio-economic challenges.
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