e ISSN: 2584-2854
Volume: 02

Issue: 09 September 2024
Page No: 2935-2943

International Research Journal on Advanced Engineering
and Management
https://goldncloudpublications.com
https://doi.org/10.47392/IRJAEM.2024.0434

{' TRIAEM

A Al

Sustainable Strategies to Combat Groundwater Depletion in Metropolitan
Cities in India

Shrishti Sharma?, Lavina Agrawal?, Huma Swaleha®, Ananya Anand*

1234UG Student - World University of Design, Haryana, 131029, India.

Emails: shrishtisharma.1311@gmail.com?, agrawal.lavina01@gmail.com?, humaswaleha8492@gmail.com?,
anandananya02@gmail.com*

Abstract

This research investigates the impact of rapid urbanization on groundwater depletion. The expansion of
impervious surfaces due to construction diminishes natural groundwater recharge and increases the risks of
man-made disasters. The primary aim is to develop and evaluate sustainable architectural interventions that
enhance groundwater replenishment and management, emphasizing long-term environmental stability and
resource sustainability. The research focuses on practices such as rainwater harvesting and greywater
management, assessing their integration into architectural designs to reduce dependence on freshwater for
non-potable uses. The study will examine how architectural interventions can be adapted to local conditions,
promoting effective water conservation and reuse.The goal is to identify and implement best practices for
sustainable urban water management by analyzing case studies from various regions in India and similar
regions worldwide that face comparable challenges. This effort contributes to the global discourse on
sustainable urban water management. The findings highlight that adapting these interventions to specific
regional conditions is crucial for effective water management. The research provides actionable insights for
researchers, designers and planners, offering strategies to enhance urban resilience and environmental
stability across varying climatic and geographical settings.

Keywords: Groundwater depletion; Rainwater harvesting; Sustainable water practices; Urban resilience;
Water conservation.

1. Introduction

The depletion of groundwater has emerged as a
critical concern, especially in urban and metropolitan
regions that are rapidly urbanizing. The number of
impermeable surfaces, such as concrete and asphalt,
which disrupts the natural process of groundwater
recharge by preventing rainwater from infiltrating the
soil. As a result, the water table lowers, leading to
severe consequences including water scarcity, land
subsidence, etc. due to encroachment by the built
environment. These problems are exacerbated by the
growing demand for water resources driven by
population growth and industrial activities, creating a
complex challenge for urban planners and
policymakers. Groundwater depletion is primarily
driven by excessive extraction to meet urban
demands, especially where surface water is scarce.
Globally, nearly 2.5 billion people rely on
groundwater, with cities like Delhi and Bangalore
experiencing significant declines due to over-
extraction and poor recharge (Taylor et al., 2013;

Kumar, 2012). Managing groundwater depletion is
complex, involving technical, socio-economic, and
political challenges. Unregulated extraction, due to
weak regulations, exacerbates depletion, leading to
consequences like land subsidence, which can cause
structural damage and increase economic costs
(Mukherjee et al., 2015; Burgess et al., 2017). Given
these challenges, there is a critical need for
innovative approaches that integrate sustainable
practices into urban design and architecture. With an
emphasis on long-term environmental stability and
resource sustainability, this research attempts to
analyze architectural approaches that improve the
renewal of groundwater and utilization. Previous
studies have highlighted the potential of practices
such as rainwater harvesting and greywater recycling
in mitigating groundwater depletion (Foster &
Chilton, 2003; Qadir et al., 2007). However, there is
a gap in understanding how these practices can be
effectively integrated into the inclusive design and
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planning of urban environments to maximize their
impact. This study closes this information gap by
analyzing groundwater management strategies in
several Indian sites, including urban regions. This
study intends to investigate the connections between
urban flooding and groundwater depletion,
emphasizing the role that diminished aquifers might
play in intensifying and increasing the frequency of
flood episodes. This study looks for best practices
that may be applied in many contexts by analyzing
case studies and tailoring architectural interventions
to local requirements. Through a thorough
knowledge of these processes, the paper aims to
provide practical disaster management solutions that
will lessen urban floods and guarantee sustainable
water management in  quickly expanding
metropolitan areas. [1-5]
1.1. From Harappan to Hazard
The history of drainage systems and water
conservation in India, from the Harappan civilization
to modern urbanization, shows a continuous
evolution in water management. After their decline,
water management continued to advance in ancient
and medieval India, with the construction of wells,
step wells, and extensive irrigation systems by
empires like the Mauryas, Guptas, and Mughals.
During the British colonial period, modern
engineering techniques introduced large-scale canal
systems and piped water supply, but also began the
trend of groundwater depletion due to mechanized
pumps and bore wells (Sharad Jain, 2018). Post-
independence, rapid urbanization and the Green
Revolution further increased groundwater extraction,
leading to severe depletion in many regions.
1.2. The Unseen Cost of Urbanisation

India’s drainage and water systems have evolved
from Harappan practices to today’s complex urban
infrastructure. Rapid urbanization has strained
modern systems, causing inadequate sewage
treatment, increased flooding, and water pollution.
The shift to urban settings has worsened water
quality, leading to urban flooding and greater
challenges in water treatment. Modern water
conservation practices, while building on historical
methods, now require innovative approaches like
rainwater harvesting, supported by various state

regulations and incentives. For instance, Tamil
Nadu's mandate for rainwater harvesting in 2001
significantly increased groundwater levels in
Chennai. Despite these efforts, over-extraction in
agriculture has caused alarming drops in water tables,
with the Central Ground Water Board reporting
annual declines of 0.1 to 1.5 meters across various
states. The widespread use of tube wells and bore
wells, especially during the Green Revolution, has
exacerbated groundwater depletion, turning it into a
heavily exploited resource. (Sridhar Kumara et.al,
2023). The environmental impact of unchecked
expansion is evident in incidents like the Bikaner
sinkhole and flooding in Bangalore, Kerala, and
Assam. These highlight the urgent need for
sustainable groundwater management through
advanced rainwater conservation, urban planning,
and robust policies, requiring an integrated approach
to protect India’s water resources. [6-10]
1.3. A Rising Tide of Water Challenges

If groundwater depletion continues, we could face
serious problems. Water tables will drop, making it
harder and more expensive to access water. This will
lead to water shortages, impacting agriculture and
industries and driving up costs. Ecosystems relying
on groundwater might suffer, and pollution levels in
water supplies could increase (Hasaan Niazi et.al,
2024) Additionally, land subsidence may occur in
areas with excessive groundwater extraction,
damaging infrastructure. Lower recharge rates will
make it harder to replenish groundwater, potentially
causing migration from severely affected areas.
Addressing these issues requires improved water
management and conservation practices. Looking
ahead, addressing India's groundwater crisis requires
a multifaceted approach focused on sustainability.
Future strategies must integrate advanced rainwater
harvesting systems, green infrastructure, and urban
planning that prioritizes water conservation. Policies
should encourage the use of permeable materials in
urban areas to reduce runoff and increase
groundwater recharge. Technological innovations,
such as smart water management systems, can
optimize water use in agriculture and urban
environments. Additionally, raising public awareness
about the importance of water conservation and
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implementing stricter regulations on groundwater
extraction will be crucial. By adopting these
measures, India can work towards a more sustainable
and resilient water future. [11-15]
2. Methodology
This research on groundwater depletion uses a
comprehensive methodology to gain a broad
understanding of the issue. It began with an extensive
literature review and case studies from regions
experiencing significant depletion, focusing on
factors like agriculture, industry, and climate.
Academic papers provided scientific insights, while
news articles offered current perspectives on policy
and socio-economic impacts. Informal discussions
with stakeholders, including urban planners and
environmental experts, revealed practical challenges.
Data were systematically analyzed, with quantitative
data statistically examined and qualitative data
thematically analyzed. Findings were synthesized,
cross-referenced for accuracy, and used to provide
recommendations for sustainable water management
practices.
3. Literature Review

3.1. Rain Water Harvesting: From Theory to

Practice

Rainwater harvesting, an ancient practice, is
increasingly vital due to water scarcity and
urbanization. By capturing and storing rainwater,
communities can reduce reliance on traditional
sources, enhance groundwater recharge, and ensure a
more resilient water supply. Techniques include
rooftop harvesting, where rainwater is collected from
roofs for storage or recharge, and surface runoff
harvesting, which channels rainwater from roads and
fields into reservoirs. Recharge pits and trenches,
filled with porous materials, allow rainwater to
percolate into the ground, replenishing the
groundwater table, especially in regions with
permeable soils. Percolation tanks temporarily hold
rainwater to gradually infiltrate the ground, and check
dams in hilly areas capture rainwater to reduce
erosion and boost recharge. Rainwater harvesting
conserves water, mitigates flood risks by reducing
runoff, and provides non-potable water for irrigation
and industrial uses, easing the demand on treated
water sources and promoting sustainability. A

notable example of rainwater harvesting integrated
with vernacular architecture is Pearl Academy in
Jaipur, where the campus design draws inspiration
from the traditional stepwell systems of Rajasthan.
Stepwells, or baolis, have historically been used in
the region to collect and store rainwater, providing a
crucial water supply during dry seasons. At Pearl
Academy, this ancient practice has been reimagined
to meet modern sustainability goals. The campus
employs a stepwell-inspired system to collect
rainwater, which is then stored in underground
reservoirs. This harvested water is primarily used for
non-potable purposes, such as irrigation, cooling, and
sanitation, significantly reducing the demand for
potable water. By integrating this traditional method
with contemporary architecture, Pearl Academy
effectively conserves water while also preserving the
cultural heritage of Rajasthan. (Fig. 1.) This approach
not only highlights the practical benefits of rainwater
harvesting but also demonstrates how traditional
knowledge can be adapted to address today’s
environmental challenges. Pearl Academy’s use of
vernacular architecture to manage water resources
serves as a model for sustainable design, showing
how ancient practices can be revived and innovated
to ensure a sustainable and resilient water future.
(Source : ArchDaily, 2008)

3.2. Architectural Role in Urban Resilience
Urbanization and climate change have led to more
frequent and severe flooding worldwide, causing
significant damage to infrastructure, disrupting
economies, and endangering human well-being.
While efforts are being made to design flood-resilient
structures, the influence of urban form on how floods
concentrate in cities is not well understood. To
address this, a mean-flow theory was developed using
statistical mechanics. This theory simplifies the
complexity of urban flooding by linking flood
hazards to specific characteristics of urban form, such
as ground slope, urban porosity (the spacing and
layout of buildings), and the Mermin order
parameter, which measures the symmetry of building
arrangements. According to the theory, flood depth
scales linearly with urban porosity and the Mermin
order parameter, varying for different urban layouts
like square and hexagon patterns. By introducing an
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"effective mean chord length," which represents the
unobstructed travel distance for floodwaters, the
theory provides a universal model for predicting
flood hazards at the neighborhood scale. (Sarah K.
Balaian et. al.) The California Academy of Sciences
in the USA serves as a practical example of how
architectural design can mitigate flood risks and
promote sustainability. The building features a
"living roof," which is essentially a piece of the
surrounding parkland lifted 10 meters above ground.
This roof is covered with 1.7 million native plants,
housed in biodegradable containers. The roof's
undulating surface, with domes for the planetarium
and rainforest exhibitions, incorporates skylights for
natural ventilation. The living roof’s design helps

+ canteen
interaction space

studios ;
workshops +

faculty room ;

retain moisture, significantly cooling the interior and
reducing the need for air conditioning. (Fig. 2.)
Additionally, photovoltaic cells integrated into the
roof's perimeter generate over 5% of the museum'’s
electricity. These sustainable design choices,
including rainwater recovery and energy production,
earned the museum LEED Platinum certification.
(Source : ArchDaily, 2008) This example highlights
how integrating architectural interventions like living
roofs into urban design can address flood risks and
promote ecological sustainability, supporting the
theory that urban form plays a crucial role in
managing flood hazards. [16-18]
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Figure 1 Stepwell System Used In Pearl Academy, Jaipur (Source - Archdaily)
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Figure 2 Living Roof Concept by California Academy of Sciences, U.S.A. (Source - Archdaily)
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3.3. Integrating  Innovative and
Materials
To effectively mitigate groundwater depletion and
promote the preservation of wetlands, the integration
of innovative materials and design approaches is
essential for enhancing sustainability and water
management. Two prominent models that exemplify
these principles are the Sponge City initiative in
China and the Warka Water Tower, each offering
valuable insights into how materials can support
water collection, storage, and the gradual release
necessary to maintain groundwater levels and protect
wetland ecosystems. The Sponge City model,
developed in China, represents a pioneering urban
water management strategy that utilizes permeable
materials and green infrastructure to improve the
absorption, storage, and reuse of rainwater. This
approach includes the use of permeable pavements,
bioretention systems, and green roofs, all of which
mimic natural hydrological processes within urban
settings. (Fig. 3.) Permeable pavements allow
rainwater to infiltrate the ground, reducing surface
runoff and promoting groundwater recharge (Ding et
al., 2016). Bioretention systems, such as rain gardens,
not only filter and purify rainwater but also employ
local, drought-resistant plants to enhance
effectiveness. Green roofs contribute by capturing
and retaining rainwater, thereby reducing runoff and
mitigating the urban heat island effect. Collectively,
these elements of the Sponge City model help sustain
urban water cycles and bolster environmental
resilience, demonstrating the critical role of material
selection in urban water management (Yin et al.,
2020). Complementing this, the Warka Water Tower
serves as a unique water collection system that
utilizes bamboo—a  renewable, eco-friendly
material—to harvest potable water from the
atmosphere. The tower's mesh structure is designed
to capture water vapor and condense it into droplets
for storage (Vogel, 2016). This method can be
particularly beneficial in wetland areas, where it can
increase water availability and alleviate the pressure
on groundwater resources. (Fig. 4, 5.) The use of
biodegradable materials in the tower’s construction
ensures a minimal environmental impact, aligning
with the principles of sustainable groundwater

Design

management (Franzetti, 2017). Furthermore, the
tower's modular and scalable design makes it
adaptable to various environments, each with
different rainfall patterns and groundwater needs,
thus offering a versatile solution for groundwater
replenishment and wetland preservation.

|a Ty Green roof ]

Figure 3 Application of The Sponge City Concept
at The Site Scale And At The Catchment Scale in
Southern China. (A) Classic Sponge Facilities
with Pipes and Tanks to Collect The Water; (B)
Suggested Sponge Facilities Characterized by
Infiltration to Aquifer; (C) Conceptual Model
with Different Zones for The Application of The
Sponge City Concept. (Source - Michele Lancia
Et Al., 2020)
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Figure 4. Diagram Detailing the Structure of
Warka Water Tower (Source - Designboom)
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Mesh collecting fog wind goes through

to carry fog particles

Figure 5. Physics behind Warka Water
Collection (Source - Warka Water)

For efficient groundwater management and wetland
preservation, permeable materials, green
infrastructure, and sustainable, natural materials are
essential. The Warka Water Tower serves as an
example of how conventional and natural materials
can be used to capture and manage water resources
sustainably, while the Sponge City model in China
shows how permeable pavements, bioretention
systems, and green roofs can improve urban water
cycles. Wetland ecosystems and groundwater
depletion can Dbe prevented and resilient
environments can be created by incorporating these
materials and design concepts into urban planning
and architecture.
3.4. Beyond Building Codes

Groundwater is crucial for India's industry, drinking
water, and agriculture, necessitating its protection.
The Indian government has initiated several measures
to combat groundwater depletion. The Atal Bhujal
Yojana, launched in 2020 with a 6,000 crore budget,
aims to improve groundwater availability by 1 billion
cubic meters across 8,350 gram panchayats in seven
states. Despite its goals, challenges like uneven
implementation and limited local awareness may
affect its success. The National Water Policy (2012)
promotes regulating groundwater extraction through
mandatory registration and licensing, and suggests
water pricing to encourage efficient use, potentially
reducing consumption by 20%. The Central Ground
Water Authority (CGWA) supports artificial
recharge, restoring about 11.2 billion cubic meters of
groundwater over the past decade. Urban rainwater
harvesting mandates, such as Tamil Nadu's 2001
requirement, have significantly boosted groundwater

levels. The Jal Shakti Abhiyan (2019) targets water-
stressed districts and has built 10 million water-
saving structures, replenishing an estimated 5.6
billion cubic meters of groundwater. However,
challenges like low public awareness and socio-
economic dynamics persist, necessitating a balanced
approach with effective enforcement and increased
community engagement.

4. Results

The 2023 survey on groundwater availability in Delhi
provides a longitudinal analysis of the groundwater
levels over different decades. This analysis is crucial
for understanding how groundwater resources in the
capital have been impacted by urbanization,
population growth, and changes in water
management practices.

4.1. Decadal Analysis of Groundwater in Delhi
During the 1980s, Delhi's groundwater levels were
relatively stable due to a lower population and less
pressure on resources, with groundwater primarily
used for agriculture and domestic needs in rural areas.
However, the 1990s saw a noticeable decline in
groundwater levels as urbanization and population
growth surged, increasing demand and over-
extraction. By the 2000s, the strain on groundwater
intensified with Delhi's population exceeding 10
million, leading to significant drops in water tables,
particularly in the southern and southwestern parts of
the city. Unregulated extraction and inadequate
surface water supply exacerbated the problem.
Government efforts began to address these issues
with initiatives like rainwater harvesting and stricter
regulations. In the 2010s, groundwater depletion
continued at an alarming rate, with deteriorating
water quality and increased contamination in
industrial zones. The 2020s, up to 2023, present a
mixed picture: while some areas show stabilization
due to improved management practices, overall
groundwater levels remain critical due to ongoing
challenges from climate variability and population
demands. Figure 6 shows Before Urbanization and
After Urbanization
5. Discussion
The discussion section of this research paper
emphasizes the urgent need for groundwater
conservation and  increased awareness in
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metropolitan regions of India. As urban areas expand,
careful strategies for water reuse and resource
management become paramount. One effective
approach is the careful reuse of water from air
conditioning (AC) and reverse osmosis (RO)
systems. By recycling this water for non-potable
uses, urban centers can significantly reduce their
reliance on groundwater, a resource already under
immense  strain.  Additionally, implementing
rainwater harvesting techniques is crucial. In cities
like Delhi, Jaipur, and Jodhpur, traditional water
storage structures such as vavs, stepwells, baolis, and
wells, once vital to the community, now stand
neglected. Reviving these structures can enhance
their capacity to store large volumes of rainwater,
leveraging their historical design and durability to
alleviate current water shortages. Moreover, the use
of construction materials, including cement,
concrete, and metals, poses a significant challenge.
These materials often contribute to water leaching,
leading to pollution and further depletion of
groundwater reserves. Therefore, the adoption of
sustainable materials in construction is imperative.
Kinetic facades and permeable surfaces, for example,
offer innovative solutions that allow for better water
management and reduce urban flooding. A critical
point of discussion is how to integrate these
traditional and modern techniques into urban
planning. By blending historical wisdom with
contemporary sustainability practices, cities can
address groundwater depletion while promoting
resilience against future water challenges. Figure 7
shows Groundwater Depletion Level In Delhi Over
The Years.

==

rrrrrr

R A

[
.anmsSu’r’fM& . ;"'~_-«L.,\

NATURAL WATER
RUNOFF

OPEN aAccsss IRIAEM

URBAN SURFACE
RUNOFF

(b)
Figure 6 (a) Before Urbanization (b) After
Urbanization

Delhi's Groundwater Level Trend (1980-2023)

I Dataset 1

undwater Level (meters below surface)
g & &8 B8 2 o

Gra
=R

1920 1990 2000 2010 2020 2023
Year

Figure 7 Groundwater Depletion Level in Delhi
over The Years

Conclusion

This research underscores the critical need for
sustainable groundwater management in rapidly
urbanizing areas. It explores the impact of
urbanization on groundwater depletion, emphasizing
the importance of integrating traditional water
conservation methods, such as rainwater harvesting,
with modern architectural practices. The study
advocates for innovative approaches like recycling
water from air conditioning and reverse 0smosis
systems, reviving historical water storage structures,
and using sustainable construction materials to
reduce reliance on groundwater. By blending
historical wisdom with contemporary solutions, the
research provides actionable strategies to mitigate
groundwater depletion, enhance urban resilience, and
promote long-term environmental sustainability. The
2023 survey underscores the pressing need for
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continued and enhanced efforts to manage and
conserve groundwater resources in Delhi. With the
city's groundwater levels having declined over
several decades, it is critical to implement more
effective  measures to ensure the long-term
sustainability of this vital resource. This includes
stricter regulation of groundwater extraction,
widespread adoption of rainwater harvesting, and
ongoing public education on water conservation.
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