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Vision of the DTE

e To provide globally competitive technical education;

e Remove geographical imbalances and inconsistencies;

e Develop student friendly resources with a special focus on girls’ education and support to
weaker sections;

e Develop programs relevant to industry and create a vibrant pool of technical professionals.

Vision of the Institute
To optimize perseverance, quality and ethics in higher Technical Education and research as
can groom the learners into the owners of global trends in engineering.

Mission of the Institute

1. To facilitate the learners with fundamental and advanced technical knowledge in theory
and practice

2. To facilitate the learning with concerned industrial exposure to the obtaining technology

3. To help the learners acquire professional ethics, acumen and zeal for research and
entrepreneurship

MECHANICAL ENGINEERING DEPARTMENT

Vision of the Department
To be recognized for outcome based technical education by preparing competent and ethical
human resources at the vanguard of advanced technologies for the greater good of society

Mission of the Department
MI1: To impart the quality technical knowledge to students to make them competitive
mechanical engineers.
M2: To provide skills of employability and promoting entrepreneurship attitude to students.

M3: To lead the students on the path of professionally ethical citizens.
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Certificate

This is to certify that Mr./Ms.

Enrollment No. of B.E. Semester 4, Mechanical

Engineering of this Institute (015) has satisfactorily completed the Tutorial work

for the subject Environmental Science, Sustainability and Renewable Energy

(BE04000101) for the academic year 2025-26.

Place: GEC-Bhuj

Date:

Name and Sign of Faculty member

Head of the Department
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Preface

Main motto of any laboratory/practical/field work is for enhancing required skills as well as
creating ability amongst students to solve real time problem by developing relevant
competencies in psychomotor domain. By keeping in view, GTU has designed competency
focused outcome-based curriculum for engineering degree programs where sufficient
weightage is given to practical work.

The awareness of environmental issues is spreading rapidly and has gained importance on a
global scale, leading to better prospects for systematic studies in Environmental Science,
Sustainability, and Renewable Energy. Over the last decade, a significant number of
undergraduate and postgraduate courses in Environmental Science and Sustainability have
been introduced in most universities in India. In addition, the University Grants Commission
(UGC) has made Environmental Studies a mandatory component of the syllabus for all basic
degree programs in the country.

Most newly introduced undergraduate courses in Environmental Science—related subjects
include tutorial sessions. This laboratory manual enables students to familiarize themselves
with the relevant topics in advance of the actual practical sessions, thereby generating
interest and providing a basic understanding prior to performance. This, in turn, enhances the
attainment of predetermined learning outcomes among students. The manual is designed to
serve as a comprehensive reference.

The primary objective of this tutorial manual is to enhance students’ skills and abilities to
analyze and solve real-time environmental problems through the development of relevant
technical and professional competencies. In line with the Gujarat Technological University
(GTU) competency-focused, outcome-based curriculum, this manual acts as a structured
learning tool to cultivate industry-relevant skills that are often challenging to achieve through
conventional classroom instruction alone.

This course is designed to develop environmental awareness and foster sustainable thinking
by addressing key environmental issues such as pollution control, waste management,
sustainability, climate change, and the growing need for renewable energy. Students will
acquire a sound understanding of the scientific principles underlying environmental
degradation, the fundamentals and applications of sustainability and renewable energy
technologies, and the role of engineering solutions in mitigating environmental challenges in
a sustainable and responsible manner.

Utmost care has been taken while preparing this question book however always there is
chances of improvement. Therefore, we welcome constructive suggestions for improvement
and removal of errors if any.
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Course Outcomes (COs):

CO-1
CO-2

CO-3

Highlight the importance of environmental sciences.

Identify the types of pollution in society along with their sources, causes, effects &

Mitigation.

Explain the generation, impacts, and management of various types of wastes and

describe the causes and effects of acid rain and ozone layer depletion.

CO-4 Describe the concepts of sustainability, climate change phenomena and green

building principles.

CO-5 Recognize the role of Renewable Energy in sustainable development.

I::;. Name of Tutorial co1 co2 co3 co4 COo5
1. | Introduction to Environment N
2. | Environmental Pollution
2.A | Water Pollution ~
2.B Air Pollution ~
2.C Noise Pollution ~
2.D Land Pollution ~
2.E Solid Waste \
2.F Bio-medical Waste \
2.G E-waste v
2.H | Acid Rain, Depletion of Ozone layer N
3. | Sustainability
3.A | Definition, scope \
Sustainable development & Circular economy, N
3.B
SDGs
3.C Climate Change v
3.D Green Building V
3.E Concept of 4R’s v
4. | Renewable Energy
4.A | Conventional Vs Renewable Energy v
4.B | Green Hydrogen v
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Index

(Progressive Assessment Sheet)

Sign.
Date of |Date of |Assessm ign. of
Sr. . Page .. Teacher Rema
Assignments performanc |submissi | ent .
No. No. with rks
e on Marks
date

1. | Introduction to Environment

2. | Environmental Pollution
2.A | Water Pollution
2.B | Air Pollution
2.C Noise Pollution
2.0 Land Pollution
2.E Solid Waste
2.F Bio-medical Waste
2.G E-waste
2.H Acid Rain, Depletion of Ozone layer

3. | Sustainability
3.A Definition, scope
Sustainable development &
3.B | Circular economy,
SDGs

3.C Climate Change
3.0 | Green Building

3.E Concept of 4R’s

4. | Renewable Energy
4.A | Conventional Vs Renewable Energy
4B | Green Hydrogen

Total
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 1: Introduction to Environment and Environmental Science

Mode of activity:

Individual or Group Presentation / Interactive Quiz/ MCQ Quiz/ Case Study Analysis and
Discussion / Poster or Infographic Preparation on following topics :

Scope of Environmental Science.

Components of environment and its relationship

Environmental Degradation related case study

Importance of environmental education.

Relevant CO: CO1

Objectives:

o

To make individuals aware of the issue and understand the reasons
behind environmental degradation.

To encourage individuals to seek out knowledge about the environment and all of its
components.

To develop a sense of responsibility and perspective necessary for progressive actions

towards the environment.
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 2: Water Pollution

Mode of activity:

Individual or Group Presentation / Interactive Quiz/ MCQ Quiz/ Case Study Analysis and
Discussion/ Poster or Infographic Preparation on following topics:

e water pollution : Sources and its effects on Environment

e Different water quality standards ( for India )

e Physical water quality parameters : Its sources, Effects and Permissible Limits

e Chemical water quality parameters : Its sources, Effects and Permissible Limits

e Eutrophication : Sources and its effects on Environment

e (Case study on River water pollution and role of government for its prevention

Relevant CO: CO2
Objectives:

To identify the sources of water pollution.
To prohibit the discharge of toxic pollutants in quantities that might adversely affect the
environment.

o To implement programs for the control of water pollution.
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 3: Air Pollution

Mode of activity:
Individual or Group Presentation / Interactive Quiz/ MCQ Quiz/ Case Study Analysis and

Discussion/ Poster or Infographic Preparation on following topics :

e Air Pollution : sources and effects of air pollution on human health, plants and property.
e Air pollutants : Its classification, sources and effects of each

e Ambient Air Quality Standards

e Collection of Ambient Air Quality ( For given city/location of different month of given

year ,its comparision with standards )

Relevant CO: CO2

Objectives:

o To identify the sources of Air pollution.
o To discuss the effects of air pollution on human health, plants, animals and materials.
o To classify different air pollutants.
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 4: Noise Pollution and Land Pollution

Mode of activity:
Individual or Group Presentation / Interactive Quiz/ MCQ Quiz/ Case Study Analysis and
Discussion/ Poster or Infographic Preparation on following topics :
e Noise Pollution : Effects of noise pollution on human health
e Land pollution : Sources and its effect on Environment
e Control of noise pollution

e |ndian standards of Noise

Relevant CO: CO2

Objectives:

o To identify the sources of noise pollution and land pollution.
o To differentiate sound and noise.
o To use noise measuring instrument. (sound level meter)
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 5: Solid Waste- Generation and Management

Mode of activity:

Individual or Group Presentation / Interactive Quiz/ MCQ Quiz/ Case Study Analysis and
Discussion / Hands on exercise / Poster or Infographic Preparation on following topics:
e Different types and sources of solid waste.
e Causes and effects of solid waste pollution.
e Methods for solid waste disposal.
e Collection of solid waste generation data ( sources/types) of given city from solid waste

management department/website and its comparison with other city.

Current Solid waste Management practices of given city.

Relevant CO: CO3
Objectives:

o To reduce the quantity of solid waste disposed off on land by recovery of materials and
energy from solid waste.

o To reduce adverse effects of waste on human health and environment.
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 6: Bio-medical Waste: Generation and Management

Mode of activity:
Individual or Group Presentation / Interactive Quiz/ MCQ Quiz/ Case Study Analysis and
Discussion/ Survey and Questionnaire-based Study/ Poster or Infographic on following
topics :
e Sources of bio-medical waste with its characteristics.
e Methods for treatment of bio-medical waste.

e Collection of different types of Bio medical waste generation data of given hospital .

Relevant CO: CO3
Objectives:

o To classify bio-medical waste.
o To differentiate infectious and non-infectious bio-medical waste.

o To identify sources of bio-medica waste.
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 7: E-Waste Generation and Management

Mode of activity:
Individual or Group Presentation / Interactive Quiz/ MCQ Quiz/ Case Study Analysis and
Discussion / Poster or Infographic Preparation on following topics:
e Sources and types of e-waste

e Environmental and health impacts of improper disposal of e-waste

e Collection of different types of e- waste generation data of given institute/organization.

Relevant CO: CO3
Objectives:

o To classify e-waste.
o To understand the environmental and health impact of improper disposal of e-waste.

o To identify sources of e-waste.
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 8: Global Environmental Issues

Mode of activity:
Individual or Group Presentation / Interactive Quiz/ MCQ Quiz/ Case Study Analysis and
Discussion / Debate / Data Collection and Interpretation of following topics :
e Major global Environmental issues : Causes & effects
e Acid rain : chemistry, causes and effects
e Ozone depletion : causes and effects
e Global Warming : causes and effects

e Carbon footprints
Relevant CO: CO3

Objectives:

To creat the awareness about global environmental problems

To Impart basic knowledge about the environment and its allied problems.
To understand acid rain, ozone depletion, and climate change.

To develop an attitude of concern for the environment.

o O O O
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 9: Basic Concept of Sustainability

Mode of activity:
Individual or Group Presentation / Interactive Quiz/ MCQ Quiz/ Case Study Analysis and

Discussion/ Comparative Study (Traditional vs Sustainable practices) on following topics

e Sustainable Development Goals
e Concept of Sustainability with reference to Environment

e Concept of circular economy

Relevant CO: CO4
Objectives:

o To understand sustainability and sustainable development.
o To study Sustainable Development Goals and circular economy.
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 10: Basic Concept of Green Building

Mode of activity:
Individual or Group Presentation / Interactive Quiz/ Individual Seminar/ MCQ Quiz/ Case
Study Analysis and Discussion / Data Collection and Interpretation on following topics:
e Green Building : fundamental principles & objectives
e Role of following organization with reference to Green Building:

(1) LEED(2) IGBC (3) GRIHA (4) TERI

Relevant CO: CO4
Objectives:

o To encourage and promote green building practices performance and energy which
promote the health and well-being of residents and occupant.
o To reduce energy use by increasing energy efficiency and conservation.
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 11: Concept of 4R ((Reduce, Reuse, Recycle, Recover)

Mode of activity:

Individual or Group Presentation / Interactive Quiz/ Individual Seminar/ MCQ Quiz/ Case
Study Analysis and Discussion / Hands on exercise on following topics:

Principles of 4Rs

Concept of 4R : For effective solid waste management system

Reuse/ Recycle concept for effective Agricultural waste management

Reuse/ Recycle concept for effective construction waste management

Relevant CO: CO4

Objectives:

o

To understand the concept and principles of 4R.
To reduce consumption at the source.
To reuse goods as much as possible to extend their life cycle.

To minimize waste generation and promote sustainable waste management practices.
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 12: Renewable Energy

Mode of activity:

Individual or Group Presentation / Interactive Quiz/ Individual Seminar/ MCQ Quiz/ Case
Study Analysis and Discussion on following topics :

Conventional and renewable energy sources

Renewable energy : Types and its generation

Wind Energy : Generation, advantages and disadvantages

Solar Energy : Generation, advantages and disadvantages

Geo-thermal Energy : Generation, advantages and disadvantages

Data collection of Wind Energy and Solar Energy generation plants capacity and actual

generation ( for India )

Relevant CO: CO5

Objectives:

(0]

To understand the need for renewable energy.
To differentiate between conventional and renewable energy sources.
To study the principles, advantages and limitations of renewable energy sources.

To recognize the role of renewable energy in sustainable development.
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Environmental Science, Sustainability and Renewable Energy (BE04000101)

Tutorial 13: Green Hydrogen

Mode of activity:
Individual or Group Presentation / Interactive Quiz/ Individual Seminar/ MCQ Quiz/ Case
Study Analysis and Discussion on following topics :
e Methods of green hydrogen production.
e Advantages and challenges associated with green hydrogen.

e Major applications of green hydrogen

Relevant CO: CO5

Objectives:

e To understand the concept of green hydrogen.
e To study hydrogen production using renewable energy sources.
e To learn about storage, transportation and applications of green hydrogen.

e To recognize the role of green hydrogen in future clean energy systems.
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Water Pollution — Kutch Region, Gujarat | Case Study Report

CASE STUDY REPORT

Water Pollution in the Kutch Region of
Gujarat

Sources, Effects, Water Quality Standards, Physical & Chemical Parameters,
Eutrophication, River Pollution & Government Interventions

Kutch (Kachchh) District, Gujarat, India
Subject: Environmental Studies | Activity: Case Study Analysis & Discussion

1. Introduction

Water is the foundation of all life, and its quality determines the health of people, ecosystems, and
economies. In the Kutch (Kachchh) district of Gujarat — India’s largest district by area, spanning 45,674
square kilometres of arid and semi-arid terrain — water has always been scarce. Average annual rainfall
rarely exceeds 350 to 375 millimetres, there are no perennially flowing rivers, and the district is flanked on
two sides by saline bodies: the Rann of Kutch to the north and the Gulf of Kutch to the south. For centuries,
communities in Kutch survived through ingenious systems of rainwater harvesting, seasonal stream
management, and the use of carefully located groundwater sources.

Since the early 2000s, however, this already fragile water environment has been placed under an entirely
new category of stress: rapid, large-scale industrialisation. The reconstruction investment that followed the
devastating 2001 earthquake transformed Kutch from a quiet frontier district into one of India's most
dynamic industrial corridors. Today it hosts India's largest private thermal power station cluster at Mundra,
major cement plants, steel mills, petrochemical units, a sprawling Special Economic Zone, and the largest
private port in the country. All of these industrial activities generate enormous volumes of liquid effluents,
introduce toxic chemicals into local water bodies and the Gulf of Kutch, draw heavily on already-stressed
groundwater aquifers, and accelerate the seawater intrusion that has plagued coastal Kutch for decades.

This case study examines the sources and nature of water pollution in the Kutch region, the physical and
chemical parameters used to assess water quality and their permissible limits under Indian standards, the
phenomenon of eutrophication as it affects Kutch's coastal and freshwater bodies, the role of key rivers and
seasonal water bodies in carrying pollution, and the policy and legal interventions the government has
deployed to address this growing crisis.

Environmental Studies | Kutch Water Pollution Case Study | 2026
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2. Objectives

This case study is guided by the following objectives, drawn from the Environmental Studies curriculum:

First, to identify the diverse sources of water pollution operating in the Kutch region — encompassing
industrial effluents, thermal pollution, fly ash leachate, solid waste, port activity, agricultural runoff,
municipal sewage, and natural salinisation — and to trace the pathways by which these contaminants enter
water bodies.

Second, to examine the effects of water pollution on human health, aquatic ecosystems, soil productivity,
and the coastal marine environment of the Gulf of Kutch, drawing on documented evidence from research
and community testimony.

Third, to discuss the physical and chemical parameters used to assess water quality — including pH,
turbidity, temperature, Dissolved Oxygen, Biochemical Oxygen Demand, Chemical Oxygen Demand, Total
Dissolved Solids, hardness, chlorides, nitrates, phosphates, heavy metals, and others — against the
framework of India's BIS IS 10500:2012 drinking water standards and the CPCB's surface water
classification system.

Fourth, to explain the process of eutrophication and demonstrate how nutrient loading from industrial and
agricultural sources is promoting algal growth and oxygen depletion in the shallow coastal waters and
seasonal water bodies of Kutch.

Fifth, to review the role of government — at national, state, and local levels — in addressing water pollution
through legislation, monitoring, enforcement, and physical infrastructure.

3. Sources of Water Pollution in the Kutch Region

3.1 Industrial Effluents: The Dominant Anthropogenic Source

The industrialisation of Kutch since 2001 has introduced a powerful and largely uncontrolled stream of
liquid waste into the district's water environment. The industrial complex at Mundra alone — comprising
the Adani Power thermal plant (4,620 MW), the Tata Mundra Ultra Mega Power Plant (4,000 MW), a
Special Economic Zone, and the Mundra Port — generates multiple categories of liquid pollution.

Thermal power stations use enormous volumes of seawater for condenser cooling and then discharge it back
into the Gulf of Kutch at elevated temperatures. The Tata Mundra plant draws approximately 15.12 million
cubic metres of seawater per day for cooling at full capacity. This heated effluent raises local seawater
temperature, reducing the solubility of dissolved oxygen (DQO) and stressing temperature-sensitive marine
organisms including corals, fish larvae, and mangrove-dependent species. Local fishing communities have
documented a decline in fish catches by up to 40% since the Tata Mundra plant commenced full operations
in 2012, attributing this to thermal pollution and the resulting degradation of marine breeding habitats.

Environmental Studies | Kutch Water Pollution Case Study | 2026
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Beyond thermal loading, industrial facilities at Mundra, Anjar, and Gandhidham discharge process
wastewater containing dissolved salts, suspended solids, lubricating oils, cleaning chemicals, and in some
cases trace heavy metals. The Gujarat Pollution Control Board (GPCB) has historically been criticised for
weak enforcement of effluent discharge standards against large industrial actors in the region. A 2022 audit
by the Comptroller and Auditor General (CAG) of India documented that the GPCB failed to act against
illegal fly ash dumping by Adani Power, a practice that allows alkaline, heavy-metal-laden leachate to
percolate into soil and eventually contaminate shallow groundwater in surrounding villages.

3.2 Port and Shipping Activity

Mundra Port — India's largest commodity port and one of the world's largest coal import terminals — is a
source of multiple forms of water pollution. Oil and fuel spills from ship bunkering operations and routine
maintenance introduce hydrocarbons into the Gulf's intertidal zone. Coal dust and fine particulates from
stockpiles and loading operations settle on water surfaces and enter the marine food chain. Ballast water
discharged by arriving vessels can introduce invasive species and pathogens alien to the Gulf's native
ecosystem. The dredging operations necessary to maintain navigable channels disturb seabed sediments,
raising turbidity, smothering benthic organisms, and releasing trapped nutrients and contaminants back into
the water column.

3.3 Fly Ash Leachate

Fly ash — the fine residue of coal combustion — is produced in immense quantities by the coal power
stations at Mundra. The CAG documented that Adani Power dumped approximately 1.542 million metric
tonnes of fly ash in low-lying areas between 2014 and 2019 without GPCB approval. Fly ash contains a
cocktail of heavy metals including arsenic, chromium, lead, cadmium, and mercury, along with elevated
concentrations of sulphates, boron, fluoride, and selenium. When rain falls on unlined fly ash disposal sites,
it percolates through the ash, dissolves these constituents, and creates a highly contaminated leachate that
can migrate into groundwater or surface runoff channels leading to the Gulf or to seasonal streams. This is
one of the most serious chronic contamination threats to local groundwater quality in the vicinity of the
Mundra industrial zone.

3.4 Seawater Intrusion into Coastal Aquifers

Long before industrialisation, overexploitation of groundwater for irrigation in the coastal talukas of Kutch
— including Mundra, Anjar, and Mandvi — had already allowed seawater to intrude into freshwater
aquifers. Research by the Central Ground Water Board has confirmed that excessive withdrawal of
groundwater from coastal aquifers in Kachchh and Saurashtra has led to widespread seawater intrusion,
rendering many wells brackish or entirely saline and unusable for drinking or irrigation. A comprehensive
review of Gujarat hydrochemistry published in 2024 found that groundwater salinity across the state's
western coastal regions is a growing problem, with chloride concentrations exceeding 5,000 mg/L in some
inner Kutch locations — twenty times the BIS acceptable limit of 250 mg/L for drinking water. The western
regions of Kutch, closest to the Rann and the Arabian Sea, record the highest chloride levels, with many
water sources technically classifiable as brine rather than freshwater.
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Industrial growth has dramatically accelerated this process. As industries and port facilities draw from
coastal aquifers and reduce groundwater recharge areas by converting open land and coastal vegetation to
paved and constructed surfaces, the freshwater-saltwater interface moves further inland.

3.5 Municipal and Domestic Wastewater

The towns of Bhuj, Gandhidham, Anjar, and Mundra have grown rapidly in population since 2001 without
commensurate growth in wastewater treatment infrastructure. Municipal sewage — carrying human waste,
detergents, cooking oils, and domestic chemicals — is discharged partly or wholly untreated into seasonal
streams, creeks, and low-lying areas that drain into the Gulf. Gandhidham, which serves as the commercial
capital of Kutch and is connected to Kandla port, has a particularly acute gap between sewage generation
and treatment capacity. Untreated sewage raises Biochemical Oxygen Demand (BOD), introduces faecal
coliforms, and creates nutrient loading that drives eutrophication in receiving water bodies. Nationally, over
60% of urban sewage in India is discharged without adequate treatment, and the situation in rapidly growing
secondary towns of Kutch is unlikely to be better than this average.

3.6 Agricultural Runoff and Pesticide Contamination

Although Kutch is an arid district with limited agricultural land compared to more fertile parts of Gujarat,
irrigation-based agriculture does take place in the southern and eastern talukas. The application of fertilisers
— particularly urea and di-ammonium phosphate — introduces nitrates and phosphates into surface runoff
that eventually reaches seasonal streams and creeks. Pesticide residues from cotton and cumin farming enter
watercourses as runoff and can persist in sediments. Where industrial wastewater has been used for
irrigation near the Gandhidham—Anjar industrial belt, there is evidence — documented in Down to Earth
and Conversation media — of soil and crop contamination with heavy metals, reflecting the compounded
pollution burden on agricultural land that sits downstream of industrial discharges.

3.7 Salt Production and Industrial Brine Discharge

Kutch contributes over 60% of Gujarat's total salt production. The salt pans and associated industrial salt
processing operations along the Rann and Gulf coast generate large volumes of saturated brine as a
byproduct. The uncontrolled or poorly managed discharge of this brine into creeks, seasonal rivers, and the
Gulf contributes to elevated TDS, chloride, and sodium levels in surface and coastal waters. While salt
production itself is a traditional industry, the increase in scale and the proliferation of mechanical salt
extraction units has significantly raised the volume of saline effluent entering the water environment.

3.8 Solid Waste and Open Dumping

Poor solid waste management in Kutch's urban and industrial areas means that unlined landfill sites and
open dump yards — particularly around Bhuj and Gandhidham — generate leachate that percolates into
shallow groundwater. Industrial solid waste, containing chemical residues from cement, chemical, and
metal industries, adds toxic organic compounds and heavy metals to this leachate. In the absence of lined
engineered landfills and leachate collection systems, these contamination pathways operate continuously.
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4. Effects of Water Pollution on Environment and Human Health

4.1 Effects on Human Health

The direct health burden of water pollution in Kutch falls most heavily on its rural and coastal communities
— the same communities that are least able to access alternative water sources or afford treatment. The high
TDS and salinity of groundwater in many Kutch villages, exacerbated by seawater intrusion and industrial
leachate, cause a range of long-term health problems. Adani itself acknowledged in communications with
media that residents of villages near Mundra suffer from bone and kidney diseases attributable to high total
dissolved solids in the groundwater — an admission of the extraordinary degree to which water quality in
the region is compromised.

Fluoride contamination, a geogenic problem across much of Gujarat, is particularly severe in Kutch where
natural fluoride-bearing minerals in the bedrock release fluoride into groundwater. Fluoride at
concentrations above 1.5 mg/L (the BIS permissible limit) causes dental fluorosis at low exposures and
crippling skeletal fluorosis — characterised by bone deformities, joint pain, and spinal calcification — at
higher concentrations. India as a whole has more than 66 million people affected by fluorosis, and Gujarat's
western districts including Kutch are among the most severely affected zones.

Faecal contamination from inadequately treated sewage in urban water distribution systems introduces E.
coli and other pathogens, causing waterborne diseases including diarrhoea, typhoid, hepatitis A, and
cholera. Nationally, water-borne diseases affect approximately 37.7 million Indians annually. In Kutch,
where water supply infrastructure is stretched and some communities depend on untested sources, these
risks are tangible.

Heavy metal contamination — particularly arsenic, chromium, and lead from fly ash leachate — poses long-
term carcinogenic and neurological risks for communities living near industrial disposal sites. Arsenic
poisoning presents as skin lesions, peripheral neuropathy, and elevated cancer risk with chronic exposure
to concentrations exceeding 0.01 mg/L, the BIS acceptable limit.

4.2 Effects on Aquatic Ecosystems and the Gulf of Kutch

The Gulf of Kutch is one of India's most biologically rich marine environments. It was designated as a
Marine National Park and Sanctuary in 1980 and is home to 37 or more species of hard corals, extensive
mangrove forests forming the second largest mangrove cover on mainland India after the Sundarbans, over
210 species of marine algae, 522 recorded species of marine fauna, and migratory bird populations that
depend on its intertidal mudflats. Yet this extraordinary marine ecosystem is under siege from the industrial
complex that has established itself on its northern shore.

Thermal pollution from the once-through cooling system of the Tata Mundra UMPP — which discharges
heated seawater back into the Gulf — raises local sea temperatures, reduces dissolved oxygen in the water
column, and disrupts the thermal conditions on which coral polyps, mangrove seedling establishment, and
fish breeding cycles depend. Coral reef satellite monitoring in the Gulf has documented a 43% reduction in
coral cover between 1975 and 1986 linked to sediment loading from cement company dredging — a decline
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that has continued under more recent industrial pressures. Species such as Rhizophora and Ceriops
mangroves, once common in the area, are now rare in some sections of the Gulf coast, and the mangrove
species Bruguiera is documented as locally extinct.

Industrial effluents discharge nutrients, organic matter, and toxic chemicals into the Gulf, lowering
dissolved oxygen, raising BOD, and degrading water clarity. Research on water and sediment quality near
Vadinar in the Gulf documented elevated BOD levels of up to 204 mg/L at effluent-receiving sites — vastly
exceeding natural background levels. Industrial effluents from salt works, thermal power stations, fertiliser
plants, cement manufacturing, oil terminals, and ship-breaking yards all overlap within the limits of the
Marine National Park, creating a cumulative pollution burden that no single regulatory framework
adequately addresses.

4.3 Effects on Mangroves, Fisheries, and Coastal Livelihoods

The 789 square kilometres of mangrove forests in Kutch account for 17% of India's total mangrove area.
These forests are not merely ecological assets; they are the economic backbone of fishing communities that
have practiced intertidal and near-shore fishing for over two hundred years. A study at Asira Vandh, a
coastal hamlet near Jakhau, found that 96% of households depended on mangroves for their livelihood —
primarily for fish and fodder.

Industrial effluents, chemical pollution, maritime traffic, and port construction have degraded mangrove
habitats throughout the Mundra coastal zone. Fisherfolk and researchers from the STEPS Centre at Sussex
documented dramatic shifts in livelihoods: construction, dredging, vessel movement, and industrial
effluents have damaged creeks and channels on which fishing communities rely. Fishing seasons have
shortened, with some fishermen reporting that pollution-related disruptions now force them to abandon
coastal fishing earlier in the season and travel further into open waters for catches. This translates into higher
fuel costs, greater risk, and lower income for already marginalised communities.

The traditional Kharai camel breed, unique to Kutch and known for swimming across tidal channels to graze
on mangrove islands, has seen population declines as its mangrove grazing grounds shrink under industrial
pressure — a striking indicator of the cascading ecological damage radiating from coastal water pollution.

4.4 Effects on Soil and Agriculture

Where industrial effluents have been discharged onto agricultural land or where contaminated groundwater
has been used for irrigation, soil and crop quality have deteriorated. Elevated salinity from seawater
intrusion and brine discharge reduces soil fertility by displacing plant-available nutrients with sodium ions,
causing soil deflocculation and structural collapse. Heavy metals from fly ash leachate and industrial
wastewater accumulate in the upper soil layers, entering the food chain through crop uptake. Coastal areas
in Gujarat have seen a 15% decline in high-value fish stocks, and many formerly productive agricultural
areas near industrial clusters now show contamination with heavy metals and reduced crop yields.

Environmental Studies | Kutch Water Pollution Case Study | 2026



Water Pollution — Kutch Region, Gujarat | Case Study Report

5. Water Quality Standards in India

5.1 BIS 1S 10500:2012 — Drinking Water Standard

India's primary standard for drinking water quality is the Bureau of Indian Standards specification 1S 10500,
last revised in 2012. This standard sets two tiers of limits for each parameter: an Acceptable Limit, which
defines the level at which water is considered fully safe and potable, and a Permissible Limit in the Absence
of an Alternate Source, which is a relaxed threshold that can be tolerated temporarily when no better source
is available. If a source exceeds even the permissible limit, it must be rejected for human consumption.

IS 10500:2012 covers physical parameters such as colour, odour, turbidity, temperature, and total dissolved
solids; chemical parameters including pH, hardness, fluoride, nitrate, chloride, sulphate, iron, manganese,
and a suite of heavy metals; and biological parameters including the absence of E. coli and total coliforms.
The standard is implemented by state and local authorities and is intended to apply to all drinking water
supplied in India regardless of source.

5.2 CPCB Surface Water Classification (1S 2296:1982)

For surface water bodies, India uses the CPCB's five-class classification system derived from IS 2296:1982.
Class A designates water suitable for drinking after disinfection only. Class B is water fit for outdoor
bathing, requiring it to meet standards for pH, dissolved oxygen, and bacteriological quality. Class C water
can be used as a drinking water source after conventional treatment (coagulation, sedimentation, filtration)
and disinfection. Class D is water suitable for wild life propagation and fisheries, requiring minimum
dissolved oxygen of 4 mg/L. Class E is water suitable for irrigation, industrial cooling, and navigation.

As of the CPCB's 2018 assessment, 20 out of India's 351 identified polluted river stretches were located in
Gujarat. The most polluted rivers in India by depth of contamination were identified as Cooum in Tamil
Nadu, Sabarmati in Gujarat, and Bahela in Uttar Pradesh — reflecting how severely industrial discharges
have degraded Guijarat's river system overall. While Kutch's seasonal rivers are not individually ranked, the
creeks and drainage channels leading to the Gulf of Kutch, particularly those receiving industrial runoff
near the Anjar—Bhimasar belt and the Mundra coast, would fail to meet Class C or even Class E standards
during and after monsoon runoff events.

5.3 CPCB Effluent Discharge Standards

Industries discharging into inland surface waters are governed by the General Standards for Discharge of
Environmental Pollutants under the Environment Protection Rules, 1986. Key limits for discharge into
inland surface water include: pH between 5.5 and 9.0; BOD (at 3 days, 27°C) not exceeding 30 mg/L;
suspended solids not exceeding 100 mg/L; oil and grease below 10 mg/L; and chemical oxygen demand
(COD) not exceeding 250 mg/L persistently before disposal. Specific standards also apply for heavy metals,
cyanide, phenols, and other toxic parameters depending on the industry type. Thermal effluents must not
raise the receiving water temperature by more than 5°C above ambient.

In the Kutch context, the thermal discharge from Mundra power stations — which raises coastal sea
temperatures well above ambient during periods of high operational load — is in tension with these
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standards, as documented by the independent fact-finding missions and subsequent complaints filed with
the International Finance Corporation's Compliance Advisor Ombudsman.

6. Physical Water Quality Parameters: Sources, Effects, and
Permissible Limits

Temperature

Water temperature influences all chemical and biological processes in aquatic ecosystems. It determines the
solubility of dissolved oxygen (DO decreases as temperature rises), affects the rate of chemical reactions,
and governs the metabolic rates of aquatic organisms. Natural temperatures in the Gulf of Kutch are already
elevated due to the shallow, enclosed nature of the inlet and the arid climate. Thermal effluent discharge
from the Mundra power stations compounds this further, raising local sea temperatures in the discharge
zone by several degrees Celsius. The BIS IS 10500:2012 sets an acceptable temperature limit of 20°C for
drinking water and a permissible limit of 25°C. CPCB discharge norms prohibit raising receiving water
temperatures by more than 5°C above ambient.

Turbidity

Turbidity measures the cloudiness of water caused by suspended particles such as silt, clay, organic matter,
algae, and industrial particulates. High turbidity reduces light penetration, inhibiting photosynthesis in
aquatic plants and phytoplankton, smothering coral reefs, and degrading visual predatory performance in
fish. In Kutch, dredging operations at Mundra Port, industrial construction activity, and monsoon runoff
carrying soil and industrial dust all contribute to elevated turbidity in coastal and estuarine waters. The BIS
acceptable limit for turbidity in drinking water is 1 Nephelometric Turbidity Unit (NTU), with a permissible
limit of 5 NTU.

Colour

Colour in water arises from dissolved organic matter (such as humic acids from decaying vegetation), iron
and manganese compounds, algal pigments, and industrial dyes or chemicals. In Kutch's coastal waters,
dissolved organic matter from mangrove leaf litter gives a natural tan colour, while industrial effluents add
unnatural hues. High colour reduces aesthetic appeal, indicates the presence of organic pollutants, and may
signal toxic contamination. The BIS acceptable limit for colour in drinking water is 5 Hazen Units (HU),
with a permissible limit of 15 HU.

Total Dissolved Solids (TDS)

TDS measures the total concentration of dissolved ions in water — including minerals, salts, metals, and
chemicals. In Kutch, TDS is a critical concern because both geogenic salinity and industrial contamination
elevate TDS far above safe drinking water limits across much of the district. Research on chloride-rich
groundwater in Kutch shows TDS values well above 2,000 mg/L in many coastal villages, compared to the
BIS acceptable limit of 500 mg/L and a permissible limit of 2,000 mg/L. High TDS causes an unpleasant
taste, promotes corrosion of water distribution infrastructure, and at very high concentrations causes

Environmental Studies | Kutch Water Pollution Case Study | 2026



Water Pollution — Kutch Region, Gujarat | Case Study Report

gastrointestinal distress and kidney stress with prolonged consumption. Communities near Mundra have
been specifically noted to suffer from high TDS in their groundwater, causing bone and kidney disease.

Electrical Conductivity (EC)

Electrical conductivity is a proxy for TDS and salinity — the higher the dissolved ion content, the greater
the conductivity of the water. In salt-affected areas of Kutch, groundwater EC can exceed 4,000
microsiemens per centimetre, indicating levels of salinity unsuitable even for irrigation. EC monitoring is
used by the GPCB and agricultural departments to track seawater intrusion progression and the spread of
industrial brine contamination.

7. Chemical Water Quality Parameters: Sources, Effects, and
Permissible Limits

pH

The pH of water measures its acidity or alkalinity on a scale of 0 to 14, with 7 being neutral. Natural
freshwater typically has a pH between 6.5 and 8.5. In Kutch, industrial effluents from cement plants (which
are highly alkaline, pH up to 12) and acid-generating processes can push receiving water bodies outside this
range. Very acidic water (pH below 5) dissolves metals from sediments and pipe materials, increasing
toxicity to aquatic life and corroding infrastructure. Very alkaline water (pH above 9) damages gill tissue
in fish and disrupts microbial communities. The BIS acceptable limit for drinking water pH is 6.5 to 8.5,
with no relaxation at the permissible limit — confirming that any water outside this range is considered
unacceptable regardless of alternate source availability.

Dissolved Oxygen (DO)

Dissolved oxygen is the oxygen dissolved in water and available to aquatic organisms for respiration. A DO
of at least 5 to 6 mg/L is generally considered necessary for the survival of most fish species, while values
above 7 mg/L indicate good water quality. DO decreases as temperature rises, as organic matter is
decomposed by bacteria consuming oxygen, and as algal blooms decay. In the Gulf of Kutch, research at
effluent-receiving sites near industrial zones has recorded DO values as low as 1.4 mg/L — a near-anoxic
condition in which only anaerobic organisms can survive, leading to fish kills and ecosystem collapse. There
is no BIS standard for DO in drinking water (since surface water DO is primarily relevant for aquatic life),
but the CPCB Class D surface water standard requires a minimum DO of 4 mg/L.

Biochemical Oxygen Demand (BOD)

BOD measures the amount of oxygen consumed by microorganisms in decomposing organic matter in a
water sample over five days at 20°C (or three days at 27°C under the Indian standard). High BOD indicates
the presence of large quantities of biodegradable organic matter — from sewage, food processing effluent,
or organic industrial waste — and signals that the decomposition of this material will deplete DO in the
receiving water body. The CPCB standard for effluent discharge into inland surface waters limits BOD to
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30 mg/L. Natural clean rivers typically have BOD below 2 mg/L, and drinking water sources should be
essentially free of BOD-significant organic material.

Chemical Oxygen Demand (COD)

COD measures the total quantity of oxygen required to chemically oxidise all organic and inorganic material
in a water sample, including both biodegradable and non-biodegradable compounds. Unlike BOD, which
only measures biologically accessible organic matter, COD captures the full chemical pollution load,
including persistent organics such as petrochemical derivatives, pesticides, and industrial solvents. A
persistently elevated COD above 250 mg/L in industrial effluents triggers mandatory investigation under
CPCB rules to determine whether toxic chemicals are responsible, and may require tertiary treatment before
discharge. Industrial effluents from the chemical plants and petrochemical units in the Anjar—Bhimasar belt
of Kutch are likely contributors to elevated COD in nearby water bodies.

Fluoride

Fluoride in groundwater originates from the natural dissolution of fluoride-bearing minerals such as fluorite
and apatite in the granite and basalt bedrock underlying much of Gujarat. In Kutch, this geogenic fluoride
problem is exacerbated by the concentration of groundwater through evaporation in the arid climate and by
the reduced dilution that comes with overexploitation. The BIS acceptable limit for fluoride in drinking
water is 1.0 mg/L, with a permissible limit of 1.5 mg/L. Above 1.5 mg/L, dental fluorosis develops; above
4 mg/L, skeletal fluorosis occurs. Across Gujarat, 12.4% of habitations have been identified as quality-
affected with excess fluoride. In Kutch's arid zones, where evaporation is intense and groundwater recharge
is seasonal and limited, fluoride concentrations regularly exceed the permissible limit.

Nitrates and Phosphates

Nitrates in water arise from agricultural fertiliser leaching, municipal sewage, and the biological breakdown
of organic nitrogen-containing compounds. The BIS acceptable limit for nitrate in drinking water is 45
mg/L. Above this level, nitrate causes methaemoglobinaemia (blue baby syndrome) in infants under six
months, impairing the blood's ability to carry oxygen. In Kutch, agricultural runoff from fertilised fields
and poorly managed sewage disposal near Bhuj and Gandhidham introduce nitrates into shallow
groundwater. Phosphates, primarily from detergents in domestic wastewater and from fertiliser runoff, are
the principal driver of eutrophication in freshwater systems.

Heavy Metals (Arsenic, Lead, Chromium, Cadmium, Mercury)

Heavy metals are perhaps the most insidious class of water contaminants because they are non-
biodegradable, bioaccumulate in tissues, and cause irreversible damage at very low concentrations. In
Kutch, the primary anthropogenic sources of heavy metal contamination are fly ash leachate from coal
power stations, industrial effluents from metal processing plants and chemical industries, and runoff from
improperly managed waste disposal sites. Arsenic contamination triggers skin diseases, peripheral
neuropathy, and elevated cancer risk; the BIS acceptable limit is 0.01 mg/L. Lead causes neurological
damage especially in children; the BIS acceptable limit is 0.01 mg/L. Hexavalent chromium is a carcinogen
with a BIS acceptable limit of 0.05 mg/L. Mercury at trace levels impairs neurological function,
reproductive health, and foetal development.
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Chlorides and Total Hardness

Chloride concentration in water is the primary indicator of salinity and seawater contamination. As noted,
the BIS acceptable limit for chlorides in drinking water is 250 mg/L, with a permissible limit of 1,000 mg/L.
In the coastal and Rann-adjacent zones of Kutch, chloride concentrations in groundwater routinely exceed
5,000 mg/L — five times the permissible limit — rendering this water completely unfit for any domestic or
agricultural use. Total hardness, caused by calcium and magnesium ions, has an acceptable limit of 200
mg/L (as CaCO3) and a permissible limit of 600 mg/L. Very hard water causes scaling in pipes and boilers,
and in very high concentrations affects kidney health.

Dissolved Carbon Dioxide (CO2) and the Relationship with CO

Dissolved CO2 in water is a natural product of aquatic respiration and organic matter decomposition and is
also absorbed from the atmosphere. At elevated concentrations, dissolved CO2 lowers water pH,
contributing to acidification that corrodes pipe materials and stresses pH-sensitive aquatic organisms such
as corals and freshwater molluscs. In the context of Kutch's heavily industrialised coastal waters, the
combustion of enormous quantities of coal at Mundra generates atmospheric CO2 that dissolves into the
shallow Gulf of Kutch waters. This ocean acidification effect, though primarily a global phenomenon, has
local relevance given the Gulf's already stressed coral reef ecosystems.

Carbon monoxide (CO) itself is not a direct water pollutant. However, its relevance lies in its relationship
with CO2 as a combustion diagnostic and its indirect water pollution pathway: CO from incomplete
combustion of coal and vehicle fuels in the Mundra industrial complex contributes to the formation of
atmospheric pollutants that eventually deposit into water bodies through dry and wet deposition. The
dissolved CO2 to CO ratio in the atmosphere above industrial sites reflects combustion efficiency; more
importantly for water quality, CO2 deposited into water bodies through rainfall and dry deposition
contributes to the acidification of rainwater and the acidic deposition that leaches heavy metals from soils
and industrial waste sites into groundwater.

8. Eutrophication: Sources and Effects in the Kutch Context

8.1 Understanding Eutrophication

Eutrophication is the process by which a water body becomes progressively enriched with nutrients —
primarily nitrogen and phosphorus — leading to excessive growth of algae and aquatic plants, followed by
oxygen depletion as this biomass decomposes. Eutrophication can be natural and slow (geological
eutrophication), but the term is most often used to describe the accelerated, human-caused (cultural)
enrichment of water bodies that has accompanied industrialisation, agriculture, and urbanisation. The
consequences of eutrophication include harmful algal blooms, formation of dead zones (hypoxic areas
where DO falls below 2 mg/L), fish kills, loss of biodiversity, foul odour and taste in drinking water, and
the death of submerged vegetation and coral.

8.2 Sources of Nutrient Loading in Kutch
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In the Kutch region, nutrient loading into coastal and semi-enclosed water bodies comes from several
converging sources. Municipal wastewater from Bhuj, Gandhidham, and Anjar, carrying nitrogen (as
ammonia, nitrite, and nitrate from urine and faeces) and phosphorus (from detergents), enters seasonal
streams and is eventually carried to the Gulf during monsoon. Agricultural runoff from fertilised farms
contributes nitrate and phosphate. Industrial effluents from food processing units in the Gandhidham area
and organic wastes from the Kandla port and related facilities add nitrogen-rich biodegradable material to
the Kandla creek system.

Research on phytoplankton communities in Kandla Port's creek system, published in the journal
Environmental Monitoring and Assessment, found that the annual average Trophic Index (TRIX) scores
indicated generally good water quality, but with elevated trophic status during the pre-monsoon season
(April-June) when nutrient concentrations peak and dilution from freshwater input is lowest. This pre-
monsoon elevation of TRIX, reaching up to 4.1, signals incipient eutrophication pressure that can intensify
if nutrient inputs continue to grow without treatment.

8.3 Effects of Eutrophication in Kutch's Water Bodies

In the shallow, semi-enclosed creek systems around Kandla and the inner Gulf of Kutch, eutrophication
pressure manifests through elevated phytoplankton biomass, periodic oxygen depletion in bottom waters
during warm months, and the occasional proliferation of cyanobacteria (blue-green algae) that can produce
toxins harmful to fish, birds, and humans. These algal blooms coat water surfaces, block light from reaching
benthic organisms, and produce organic matter that consumes oxygen during decomposition.

The Gulf of Kutch's mangrove-fringed creeks are particularly vulnerable because of their shallow depth,
limited tidal flushing in inner sections, and the concentration of nutrient inputs from land-based sources.
Dissolved oxygen values recorded at effluent-receiving sites in the Gulf's mangrove areas have fallen as
low as 1.4 mg/L at some stations — a near-anaerobic condition that directly kills invertebrate and juvenile
fish communities which form the base of the coastal food web.

Eutrophication in the Gulf also interacts with thermal pollution from power station cooling water discharge.
Elevated temperatures from thermal effluents accelerate algal growth rates, reducing the threshold at which
blooms form. The combination of nutrient enrichment and thermal loading thus creates a synergistic
eutrophication risk that is greater than either factor alone.

For Kutch's fishing communities, the practical consequence is a reduction in the availability, diversity, and
health of fish, prawns, and crabs in near-shore waters. As their traditional fishing grounds become
increasingly degraded by a combination of eutrophication, thermal pollution, and physical habitat
destruction, fishing families face declining catches and are forced to travel farther offshore — incurring
greater fuel costs, risk, and debt.
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9. River Water Pollution and Seasonal Water Bodies in Kutch

Kutch has no perennially flowing rivers. The major water channels — the Khari in the north and the Madh
and Tera rivers in the south — are seasonal streams that flow only during and immediately after the
monsoon, typically for three to four months of the year. This hydrological characteristic has profound
implications for water pollution: the entire year's accumulation of pollutants, deposited in dry stream beds,
on floodplains, and in low-lying areas, is mobilised and transported in a concentrated pulse during the
monsoon. The result is a seasonal spike in pollution loads reaching the Gulf of Kutch that is far more intense
than a continuously flowing river system would generate.

The Khari river system in the northern Kutch belt passes through areas of salt pan activity and industrial
development, picking up dissolved salts, industrial dust, and surface runoff. The southern streams draining
from the Kutch hills through Bhachau, Anjar, and Mundra talukas collect runoff from the industrial estates
at Bhimasar and from agricultural areas, carrying a mixture of industrial chemicals, fertiliser residues, and
sediment. The Gandhidham municipal area, through which some of these drainage channels pass,
contributes sewage and municipal solid waste leachate that raises BOD and faecal contamination in
monsoon flows.

The CPCB's 2018 assessment identified 20 polluted river stretches in Gujarat, and the Gujarat High Court
initiated suo motu proceedings in 2021 regarding river pollution in the state. While these proceedings have
focused primarily on the Sabarmati, the broader regulatory pressure they create is relevant to the creek
systems and seasonal rivers of Kutch. The CPCB's National Water Quality Programme, which has ranked
the Sabarmati in Ahmedabad and Khari River in Ahmedabad as among the most polluted rivers in India by
BOD, reflects the same industrial-urban pollution dynamics that, at a smaller scale, affect Kutch's water
channels.

The Kandla creek — a major tidal inlet connecting Kandla Port to the Gulf — serves as both an industrial
waterway and a receiving body for effluents from the Kandla industrial estate and surrounding areas. The
port's operations, including bunkering, dredging, and cargo handling, add hydrocarbons and suspended
solids to the creek. Research on the creek's phytoplankton dynamics revealed seasonally elevated nutrient
concentrations and trophic indices, confirming that this commercially critical waterway is already
experiencing incipient eutrophication. Any further intensification of industrial effluent loading without
commensurate improvement in treatment will push Kandla creek toward more severe oxygen depletion and
biodiversity loss.

10. Role of Government in Water Pollution Prevention and Control

10.1 Legislative Framework

India’s primary legislative instruments for water quality protection are the Water (Prevention and Control
of Pollution) Act, 1974 and the Environment (Protection) Act, 1986. The Water Act established the Central
Pollution Control Board (CPCB) at the national level and State Pollution Control Boards — in Gujarat's
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case, the Gujarat Pollution Control Board (GPCB) — at the state level. These boards have the authority to
prescribe effluent discharge standards, require industries to install treatment facilities, conduct water quality
monitoring, and take enforcement action including the issuance of closure orders against non-compliant
industries.

The Environment Protection Act and the Environment Protection Rules, 1986, created the regulatory
framework for environmental impact assessments, emission and effluent standards for specific industry
types, and the classification of hazardous waste. The Coastal Regulation Zone (CRZ) Notification of 1991
restricts development activities in the ecologically sensitive intertidal and near-shore zones of the Gulf of
Kutch, providing legal protection for the mangrove-coral ecosystem.

10.2 Monitoring Infrastructure

The CPCB's National Water Quality Monitoring Programme (NWQMP) monitors water quality at
designated stations on rivers and water bodies across India. In Gujarat, the GPCB operates monitoring
stations on the Sabarmati, Mahi, Tapi, and selected coastal water points. For Kutch specifically, monitoring
of the seasonal streams and the Gulf's coastal water quality has historically been limited in frequency and
geographic coverage, leaving significant data gaps that make enforcement difficult.

Gujarat launched an e-governance platform — the Xtended Green Node (XGN) software — to enable the
GPCB to connect with industries electronically and increase inspection efficiency without requiring
additional staffing. This digital monitoring approach allows real-time tracking of environmental compliance
by registered industries. Industries participating in the Common Effluent Treatment Plant (CETP) networks
in industrial estates are required to maintain and report treatment performance data.

10.3 Policy Interventions and Financial Incentives

Following recommendations from the Gujarat government's Water Resource Department, the state's five-
year industrial policy introduced financial incentives to help facilities improve wastewater quality.
Industries can access investments of up to 500 million rupees in pollution-abatement infrastructure,
including the establishment and upgradation of Common Effluent Treatment Plants (CETPs) and the
adoption of water recycling and zero-liquid-discharge technologies. Targeted financial assistance is also
available for adopting cleaner, less water-intensive production processes.

Gujarat launched a Reuse of Treated Waste Water Policy in 2019, aiming to double the state's wastewater
treatment capacity to approximately 5,000 million litres per day (MLD), supported by 161 sewage treatment
plants. This initiative targets both the reduction of untreated sewage entering water bodies and the creation
of recycled water supply chains for industrial and construction use, reducing pressure on freshwater sources.

10.4 Judicial Interventions

The judiciary has played an increasingly active role in water pollution governance in India and Gujarat. The
Supreme Court's 2017 order (No. 375/2012) mandated that all polluting industries install primary effluent
treatment facilities by March 31, 2017, representing a watershed moment in the governance of industrial
wastewater. The National Green Tribunal (NGT) issued an order in 2021 regarding polluted river stretches
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in Gujarat, and the Gujarat High Court initiated suo motu proceedings in 2021 on Sabarmati River pollution
— exemplifying the judiciary's commitment to enforcing environmental law where regulatory agencies
have been slow to act.

The 2022 CAG audit report on coal power plant environmental compliance in Gujarat, which documented
multiple GPCB failures to act against violations by Adani Power at Mundra, has added legislative pressure
to the regulatory apparatus. Such audit-based accountability mechanisms are crucial in contexts where
regulatory capture — the tendency of regulatory bodies to prioritise the interests of regulated industries over
the public interest — has historically weakened enforcement.

10.5 National Clean Water Initiatives

At the national level, India's Jal Jeevan Mission (launched 2019) commits to providing functional household
tap connections delivering safe drinking water to every rural household by 2024. For Kutch, where
groundwater salinity and fluoride contamination affect large portions of the district, Jal Jeevan Mission has
funded the extension of bulk water supply pipelines from the Narmada main canal and the Sardar Sarovar
Project system into previously underserved villages. This reduces dependence on contaminated local
groundwater and provides a degree of protection against the health consequences of natural and industrial
water quality degradation.

The Atal Mission for Rejuvenation and Urban Transformation (AMRUT) has focused on improving urban
water supply and sewerage infrastructure in 500 cities. Bhuj and Gandhidham fall within AMRUT's scope
and have received funding for sewage treatment plant construction and water supply upgradation. However,
the pace of implementation has not kept up with the rapid population growth and industrial expansion in
these towns.

10.6 Community and Civil Society Roles

Government action alone has been insufficient to protect Kutch's water resources. Community organisations
— most notably the Machimar Adhikar Sangharsh Sangathan (MASS), a fishing community trade union —
have documented pollution impacts through community monitoring, organised protests, and engaged with
national and international accountability mechanisms including the International Finance Corporation's
Compliance Advisor Ombudsman. Civil society organisations have filed public interest litigations,
commissioned independent fact-finding missions, and maintained sustained public pressure that has
periodically compelled regulatory response.

The STEPS Centre at the University of Sussex engaged with mangrove-dependent communities in Kutch
to document the socioecological changes accompanying industrialisation, providing evidence that has
informed both policy advocacy and academic understanding of the human dimensions of coastal water
pollution. Community-based water quality monitoring, where trained village volunteers test their own water
sources using simplified test kits and report results to the GPCB or district authorities, has been piloted in
parts of Gujarat and represents a scalable approach to closing the monitoring gap that state agencies alone
cannot fill.
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11. Recommendations for Water Pollution Control in Kutch

Addressing water pollution in Kutch requires a multi-layered strategy that simultaneously tackles large
industrial point sources, municipal wastewater, agricultural runoff, and the natural hydrogeological
vulnerabilities of the district.

For industrial effluents, mandatory zero-liquid-discharge requirements should be enforced for all large
industrial units in the Mundra—Anjar—-Bhimasar belt, preventing any untreated or inadequately treated
wastewater from reaching water bodies. Fly ash disposal must be restricted to engineered, lined landfill sites
with leachate collection, eliminating the groundwater contamination pathway. The GPCB must be
empowered with independent monitoring capacity and insulated from political pressure to enforce effluent
standards against large industrial actors without exception.

For thermal pollution, the transition from once-through cooling systems — which discharge thermally
polluted water into the Gulf — to closed-loop cooling tower systems would substantially reduce the thermal
loading of coastal waters near Mundra. This transition should be mandated as part of environmental
clearance renewals for the power stations.

For municipal wastewater, accelerated construction of sewage treatment plants in Bhuj, Gandhidham, and
Anjar is essential. The Gujarat government's 2019 wastewater reuse policy provides a financial framework;
what is needed is accountability for delivery timelines. Constructed wetlands — low-energy, ecologically
beneficial wastewater polishing systems that can be adapted to Kutch's arid conditions — should be piloted
as tertiary treatment units for STP effluent before it reaches surface water bodies.

For groundwater, artificial recharge of coastal aquifers through check dams, percolation ponds, and rooftop
rainwater harvesting can slow and reverse seawater intrusion by pushing the freshwater-saltwater interface
back toward the sea. The Sardar Sarovar Project's canal network, which now brings freshwater into Kutch,
should be used not only for water supply but for managed aquifer recharge through percolation structures.

For eutrophication control, nutrient loading from municipal and agricultural sources must be reduced
through better sewage treatment (specifically nutrient removal via biological and chemical processes) and
by promoting integrated pest management and precision fertiliser application in agricultural areas draining
into the Gulf's creek systems.

12. Conclusion

The water pollution crisis in the Kutch region of Gujarat is a story of converging vulnerabilities: a naturally
arid and water-scarce district, geologically predisposed to fluoride and salinity problems in its groundwater,
now also carrying the industrial pollution burden of some of India’s largest thermal power stations, cement
plants, and port complexes.

The Gulf of Kutch — one of India's most ecologically precious marine environments, home to coral reefs
thousands of years old, India's second largest mainland mangrove forest, and centuries-old fishing
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communities — is under sustained assault from thermal pollution, industrial effluents, fly ash leachate,
eutrophic nutrient loading, and physical habitat destruction. The fishing families, salt pan workers, farmers,
and pastoralists who depend on this ecosystem are the first to bear the costs of its degradation: shortened
fishing seasons, smaller catches, declining soil fertility, and compromised drinking water quality.

The regulatory framework to address this crisis — the Water Act, the Environment Protection Act, the CRZ
Notification, IS 10500 drinking water standards, and CPCB effluent standards — is largely adequate in its
ambition. What has been persistently deficient is the political will and institutional capacity to enforce these
standards against large, economically powerful industrial actors. The 2022 CAG audit's documentation of
GPCB inaction against Adani's violations is emblematic of a broader pattern that has allowed the
industrialisation of Kutch to proceed without adequate environmental accountability.

For students of environmental science, the Kutch water pollution case illustrates in vivid, real-world terms
the full range of concepts covered in this curriculum: point and non-point pollution sources, physical and
chemical water quality parameters, the mechanism and ecological consequences of eutrophication, the
pathways by which industrial activity contaminates both surface and groundwater, the standards against
which water quality is measured, and the multi-level governmental and legal structures created to prevent
and remediate pollution. Most importantly, it demonstrates that pollution is not an inevitable consequence
of development — it is a consequence of inadequate governance. Kutch's water, like its remarkable culture
and ecology, is worth protecting.
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CASE STUDY REPORT

Air Pollution in the Kutch Region of Gujarat

Sources, Classification of Pollutants, Health & Environmental Effects,
Ambient Air Quality Monitoring & Standards Comparison
Kutch (Kachchh) District, Gujarat, India
Subject: Environmental Studies | Activity: Case Study Analysis & Discussion

1. Introduction to the Kutch Region

Kutch (also spelled Kachchh) is India's largest district by area, sprawling across 45,674 square
kilometres in the westernmost extremity of Gujarat. The region is uniquely positioned — bordered
by the Arabian Sea to the west, the Gulf of Kutch to the south and southeast, the vast expanse of
the Rann of Kutch to the north and northeast, and Pakistan along its northern edge. The
administrative headquarters of the district is Bhuj, while Gandhidham, Mundra, Anjar, Bhachau,
and Mandvi are other significant urban centres.

For centuries, Kutch was known primarily as an arid, thinly populated frontier region, celebrated
for its vibrant handicrafts, salt pans, and unique ecosystem. However, from the mid-1990s onward
— and dramatically following the 2001 earthquake that triggered massive reconstruction
investment — Kutch has transformed into one of India's most rapidly industrialising districts.
Today it hosts a sprawling complex of thermal power stations, cement factories, steel plants,
petrochemical units, India's largest private port, and a Special Economic Zone (SEZ). The scale of
this industrial transformation has brought with it an equally dramatic and escalating air pollution
crisis that now affects the health of its residents, the productivity of its farmers and fishers, and the
survival of its fragile ecosystems.

2. Objectives of This Case Study

This case study is structured to address the following learning objectives drawn from the
curriculum of Environmental Studies:

To identify and characterise the multiple sources of air pollution operating within the Kutch region,
ranging from large thermal power stations and cement plants to port activities, vehicular emissions,
and natural dust storms.

To discuss the documented effects of air pollution on human health, on plant life and agricultural
productivity, on animal populations, and on built property and materials within the region.

To classify the principal air pollutants recorded in Kutch — including particulate matter (PM2.5
and PM10), sulphur dioxide (SO2), nitrogen oxides (NOx), carbon monoxide (CO), carbon dioxide
(CO2), and ground-level ozone (O3) — according to their physical and chemical nature, sources,
and toxicological significance.

To present available ambient air quality monitoring data from Bhuj and Gandhidham across
different months, compare this data against India's National Ambient Air Quality Standards
(NAAQS) and WHO guidelines, and draw conclusions about the severity and seasonal variation
of pollution in the district.

To examine the CO to CO2 ratio as a diagnostic indicator of combustion efficiency and
atmospheric chemistry in an industrial and vehicular context.

3. The Industrial Landscape of Kutch: Setting the Stage

Before examining pollutants in detail, it is essential to understand the scale and nature of industry
that has taken root in Kutch since the early 2000s. The Kutch district brief compiled by the Ministry
of Micro, Small and Medium Enterprises identifies a remarkable spectrum of heavy and medium
industry now operating across the region's talukas.
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At Mundra, Adani Power Limited operates India's largest single-location private sector thermal
power station with a total installed capacity of 4,620 megawatts. The plant burns blended sub-
bituminous coal, approximately 70% imported from Indonesia and the rest from domestic
coalfields, imported via the adjacent Mundra Port — described as India's largest commodity port.
Also at Mundra is the Tata Mundra Ultra Mega Power Plant, another 4,000 MW coal-fired facility.
Together, these two stations at Mundra constitute one of India's largest clusters of coal-based power
generation.

Cement production is another dominant sector. Gujarat Anjan Cement Limited and Sanghi
Industries Limited both have major plants in Kutch, with Sanghi's facility at Abdasa having an
existing capacity of three million tonnes per annum, with plans for expansion to nine million
tonnes. ABG Cement operates from Bhuj. These plants are intensive consumers of fossil fuels and
raw materials and are significant emitters of particulate dust, CO2, SO2, and fine silica.

The steel and metals sector is represented by Indian Steel Corporation at Bhimasar (Anjar), Gallant
Metal at Gandhidham, Mid India Power and Steel at Mithi Rohar, and sponge iron facilities that
represent some of India's largest such operations. The district also hosts chemical industries,
petrochemicals, ceramics manufacturers, saw mills, oil processing units, and a large salt industry
— with Kutch contributing over 60% of Gujarat's total salt production.

This convergence of energy-intensive, emissions-heavy industries in one of India's most
geographically isolated and ecologically fragile districts creates an air pollution challenge of
exceptional complexity and scale.

4. Sources of Air Pollution in the Kutch Region

4.1 Thermal Power Plants: The Dominant Industrial Source

The coal-fired power stations at Mundra are the single largest point sources of air pollution in the
district. Burning millions of tonnes of coal annually, they release enormous quantities of fly ash,
sulphur dioxide, nitrogen oxides, carbon dioxide, and fine particulates into the atmosphere.
According to a 2022 report by the Comptroller and Auditor General (CAG) of India, the Central
Pollution Control Board itself identified Mundra as India's worst NOx hotspot, contributing hugely
to regional air pollution.

Fly ash — the fine, powdery residue of coal combustion — is particularly problematic. The CAG
found that Adani Power dumped approximately 1.542 million metric tonnes of toxic fly ash in low-
lying areas near Mundra between 2014-15 and 2018-19, without the approval of the Gujarat
Pollution Control Board (GPCB). During the arid summer months, the prevailing winds carry this
fine ash-laden dust toward fishing settlements and agricultural land along the Kutch coast. Local
farming communities have reported visible deposits of fly ash on crops, coating leaves and
disrupting photosynthesis.

The natural meteorological conditions of Kutch amplify these impacts. Average wind speeds at
Mundra range between 20 and 40 kilometres per hour, and the hot, dry terrain offers no natural
barriers. Unlike moist coastal environments that can scrub airborne particles through precipitation
and vegetation, Kutch's arid character allows pollutants to travel far and settle slowly.

The Panandhro lignite mine in Lakhpat taluka — described as Gujarat's largest lignite reserve with
a capacity of 59 million tonnes — also feeds local power generation, releasing additional
particulates and sulphur compounds during mining, transportation, and combustion.

4.2 Cement Industry Emissions

Cement production is one of the most polluting industrial activities in terms of air quality. The
process involves crushing limestone and other raw materials, heating them in rotary kilns to over
1,400°C, and grinding the resulting clinker — each step releasing fine dust, CO2, SO2, NOx, and
trace heavy metals. Kutch's cement belt, stretching from Bhuj to Abdasa, operates facilities that
collectively process millions of tonnes of limestone annually.

Environmental Studies | April 2026 Page



Air Pollution — Kutch Region, Gujarat | Case Study Report

Research published in environmental science literature confirms that communities living near
cement plants experience elevated rates of respiratory disease, reduced lung function, and higher
incidence of silicosis owing to prolonged exposure to calcium silicate dust and PM2.5. In the
context of Kutch, cement dust settling on vegetation physically blocks sunlight and clogs stomatal
pores, reducing the photosynthetic capacity and growth rate of crops and natural vegetation.

4.3 Port and Maritime Activity

Mundra Port — India's largest and, in terms of coal handling, one of the largest coal import
terminals in the world — generates multiple forms of air pollution. Coal dust escapes from
stockpiles, conveyor belts, and loading operations. Diesel exhaust from hundreds of heavy trucks,
trains, and port machinery contributes NOx, CO, hydrocarbons, and black carbon. The high-speed
conveyor carrying coal from the port to the power plant 9.5 kilometres away is a continuous
fugitive dust source. A 2012-13 independent fact-finding mission by the South Asian People's
Action on Climate Crisis documented increases in particulate concentrations and noise levels in
villages adjacent to the port complex.

4.4 Steel, Petrochemical, and Manufacturing Industries

The concentration of steel plants, sponge iron facilities, and chemical industries in the Anjar—
Bhimasar belt and around Gandhidham releases a cocktail of industrial pollutants. Sponge iron
production generates significant quantities of particulate matter, CO, and volatile organic
compounds (VOCs). Chemical plants release sulphurous gases, chlorine compounds, and trace
toxics. The Kutch Chemical Industries at Padana, and various petrochemical units at Bhimasar,
contribute to elevated SO2 and hydrocarbon concentrations in their vicinities.

4.5 Vehicular and Transportation Emissions

The industrialisation of Kutch has been accompanied by a dramatic increase in heavy vehicular
traffic — coal trucks, cement lorries, freight vehicles serving the port — all operating on National
Highway 8A and connecting routes. A significant proportion of these vehicles are older and do not
meet contemporary emission standards. Fuel adulteration with cheaper hydrocarbons — a
widespread practice documented across Gujarat — increases tailpipe emissions of CO, NOX,
unburnt hydrocarbons, and carcinogenic benzene. Urban centres like Bhuj and Gandhidham
experience elevated vehicle-related CO and NO2 in traffic-dense corridors.

4.6 Natural Sources: Dust Storms and Wind-Blown Particulates

Not all air pollution in Kutch originates from industry. The district's geography — flanked by the
Great and Little Rann, both salt deserts devoid of vegetation — makes it highly susceptible to
wind-blown mineral dust, especially during summer (April-June) and pre-monsoon months. Sand
and dust storms can raise PM10 concentrations to many times their normal levels within hours.
This natural background of coarse particulates interacts synergistically with industrial emissions:
industrial alkaline fly ash and acidic sulphur compounds mix with inert desert dust, creating
compound aerosols that are more reactive and harmful than either component alone.

4.7 Salt Production and Agricultural Burning

Kutch contributes over 60% of Gujarat's total salt production. Salt pans across Gandhidham, Anjar,
Mundra, and Mandvi talukas involve open evaporation over vast areas. While salt production itself
IS not a major emission source, the associated diesel pumping equipment and biomass burning in
workers' settlements contribute localised pollution. Agricultural stubble burning, prevalent in the
post-monsoon season across Gujarat, contributes to regional PM2.5 and NOx spikes. Burning is
particularly intense from October to December, creating the winter pollution peaks documented by
the Centre for Science and Environment in its 2022—-23 winter air quality analysis.

5. Classification of Air Pollutants in the Kutch Context

5.1 Primary vs. Secondary Pollutants
Air pollutants can first be classified according to their mode of formation. Primary pollutants are
those directly emitted from a source, while secondary pollutants are formed in the atmosphere
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through chemical reactions between primary pollutants and naturally occurring atmospheric
components.

In Kutch, the primary pollutants dominating the pollution profile include particulate matter (PM10
and PM2.5) emitted directly from coal combustion, cement grinding, and fly ash dumps; sulphur
dioxide (SO2) from coal burning; nitrogen oxides (NOx) from high-temperature combustion
processes; carbon monoxide (CO) from incomplete combustion in power plants and vehicles; and
carbon dioxide (CO2) from all combustion processes. Secondary pollutants of significance include
ground-level ozone (O3), formed when NOx reacts with VOCs in the presence of sunlight — a
process intensified during the long, hot, sunny days of Kutch's summer — and sulphate and nitrate
aerosols formed when SO2 and NOx are oxidised in the atmosphere and combine with water
vapour.

5.2 Gaseous Pollutants

Sulphur Dioxide (SO2)

SO2 is produced when sulphur-bearing fuels — coal, heavy fuel oil — are burned. Both the Mundra
power stations and the cement kilns are significant SO2 emitters. The NAAQS standard for SO2
in residential/industrial areas is 80 pg/m? as an annual average. SO2 is a colourless, pungent gas
that reacts with water vapour to form sulphuric acid droplets (acid rain), corrodes metal structures,
and causes acute respiratory irritation at elevated concentrations.

Nitrogen Oxides (NOXx)

NOx — comprising nitric oxide (NO) and nitrogen dioxide (NO2) — is generated whenever
combustion occurs at high temperatures, as nitrogen from air reacts with oxygen. The Mundra
thermal power station was specifically identified as the worst NOx hotspot in India by the CPCB.
NOX is a respiratory irritant, a precursor to ozone formation, and at high concentrations causes
bronchitis, pulmonary oedema, and systemic inflammation. The NAAQS annual average standard
for NO2 is 40 pg/ms.

Carbon Monoxide (CO)

CO is a product of incomplete combustion — produced when the oxygen supply to a combustion
process is insufficient. Heavy trucks with poorly maintained engines, older industrial boilers, and
two-stroke vehicles are the main CO sources in Kutch's urban areas. CO binds to haemoglobin
with approximately 250 times the affinity of oxygen, forming carboxyhaemoglobin and reducing
the blood's oxygen-carrying capacity. At low concentrations it causes headache, nausea, and
impaired cognitive function; at high concentrations it is fatal. The NAAQS standard for CO is 2
mg/m3 (8-hour average).

Carbon Dioxide (CO2)

CO2 is the principal greenhouse gas emitted by the Mundra and Tata thermal power plants. While
not classified as a criteria pollutant in India's ambient air quality standards (owing to its non-toxic
direct health effects at ambient concentrations), CO2 drives climate change and indirectly worsens
air quality by intensifying heat, extending pollen seasons, increasing wildfire risk, and
strengthening the atmospheric conditions that trap pollutants. Kutch's coal-burning cluster is
among the highest per-area emitters of CO2 in India.

The CO to CO2 Ratio: A Combustion Diagnostic

The ratio of CO to CO2 in flue gases and ambient air is a critical indicator of combustion efficiency
and fuel type. Complete combustion of a carbon-based fuel ideally produces only CO2 and water,
with no CO. An elevated CO/CO2 ratio signals incomplete combustion — indicative of poor air-
fuel mixing, low combustion temperatures, or inadequate oxygen supply. In modern coal-fired
power stations operating under optimal conditions, this ratio is very low (CO is a minor fraction of
total carbon-containing emissions). However, in older industrial boilers, heavy diesel trucks with
poorly maintained engines, and biomass cook-stoves — all of which are prevalent in the Kutch
industrial zone — CO/CO2 ratios rise significantly, pointing to substantial fuel waste and excess
toxicity. Community-level CO monitoring in areas like the villages near Mundra port helps identify
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localised hot-spots of incomplete combustion. Authorities and regulators use this ratio, alongside
NOx data, to prioritise enforcement action against polluting industries and vehicles.

5.3 Particulate Matter (PM)

Particulate matter is arguably the most significant public health pollutant in Kutch, given the
multiple industrial sources operating in the district. PM is classified by aerodynamic diameter.
PM10 (particles <10 pm) includes coarse dust from cement plants, fly ash, and road dust. It settles
in the upper respiratory tract — nose, throat, and upper bronchi — causing irritation and
exacerbating asthma. PM2.5 (particles <2.5 um), which includes fine fly ash, combustion soot, and
secondary aerosols, penetrates deep into the alveoli of the lungs and can cross into the bloodstream,
causing cardiovascular disease, systemic inflammation, and premature death. The NAAQS annual
average standards are 60 pg/ms? for PM10 and 40 pg/m3 for PM2.5 for residential and industrial
areas. The WHO guideline is far more stringent: 15 pg/m?3 for PM2.5 annually.

The winter of 2022-23 was Gujarat's most polluted in four years, with average PM2.5
concentrations reaching 73 pug/m3 — over seven times the WHO safe limit — according to the
Centre for Science and Environment. Kutch's industrial corridor, while geographically coastal and
thus benefiting from sea breezes, records elevated particulate levels during November—February
when temperature inversions trap pollution close to the ground, and during summer when dust
storms add coarse particles.

5.4 Ozone (O3)

Ground-level ozone is not emitted directly but forms through a photochemical reaction between
NOx and VOC:s in the presence of sunlight. Given Kutch's abundant sunshine and significant NOx
emissions from the Mundra power complex and vehicular traffic, ozone formation is a seasonal
concern during summer months. Ozone damages lung tissue, reduces lung function, triggers
asthma attacks, and also harms crops by entering stomata and oxidising cellular structures.

5.5 Heavy Metals and Hazardous Air Pollutants

Coal combustion in thermal power stations releases trace amounts of heavy metals including
mercury, arsenic, cadmium, chromium, and lead, primarily associated with fine PM2.5 particles.
These metals bioaccumulate in marine organisms — particularly important in the Gulf of Kutch
context, where fishing communities depend on the sea for their livelihood and nutrition. The CAG
audit flagged the improper disposal of fly ash containing these heavy metals as a long-term
contamination risk for soils, groundwater, and the Gulf's coastal ecosystem.

6. Ambient Air Quality Data and Comparison with Standards

6.1 Monitoring Stations in Kutch

The Central Pollution Control Board (CPCB) maintains Continuous Ambient Air Quality
Monitoring Stations (CAAQMS) at Bhuj and Gandhidham within Kutch district. These stations
are part of Zone 4 in the CPCB's Gujarat monitoring framework. Bhuj represents the administrative
and urban centre of the district, while Gandhidham reflects conditions in the industrial and port
corridor.

During the COVID-19 lockdown of 2020 — when industrial activities and vehicular flows were
substantially reduced — CPCB data showed that the Bhuj—Gandhidham zone recorded an air
quality improvement (reduction in AQI) of between 34% and 39% compared to the pre-lockdown
period. This dramatic, near-instantaneous improvement demonstrated conclusively that industrial
emissions and vehicular traffic are the primary drivers of elevated pollution in the Kutch corridor.
6.2 Current and Seasonal Air Quality Readings

Real-time data reported from Bhuj in April 2026 shows an AQI of approximately 65 (Moderate
category under the US AQI scale), with PM2.5 concentrations around 19 pug/m3 and PM10 around
25 pg/ms. Gandhidham records an AQI of approximately 79, with PM2.5 at 24 pug/m3 and PM10
at 29 pug/ms. Anjar, sitting closer to the industrial belt at Bhimasar, records an AQI of 71 with
corresponding PM2.5 of 20 pug/ms3. These April readings are comparatively moderate, benefiting
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from the onset of warm convective conditions that increase the mixing height of the atmosphere,
dispersing pollutants more effectively.

The seasonal pattern in Kutch, consistent with the broader Gujarat trend documented by CPCB,
shows the worst air quality during November—February, when winter temperature inversions trap
pollutants at low altitudes and the cessation of monsoon rainfall removes the wet deposition
mechanism that cleanses the atmosphere. Data recorded at Bhuj in November 2025 showed AQI
values reaching 156 (Unhealthy) on average, with peak readings touching 242 (Severe) in the early
morning hours — conditions under which prolonged outdoor exposure is harmful to the entire
population, not just sensitive groups.

Monsoon months (July—September) bring significant relief: CPCB records consistently show
Kutch air quality improving to Satisfactory or even Good categories during and immediately after
heavy rainfall, as precipitation scrubs PM10 and PM2.5 from the air and wet deposition removes
soluble gases like SO2 and NO2. This seasonal variability is crucial context for understanding
resident health experiences and for designing targeted pollution control interventions.

6.3 India's National Ambient Air Quality Standards (NAAQS) — Context

India's NAAQS, prescribed by the CPCB under the Air (Prevention and Control of Pollution) Act
of 1981 and subsequently revised, set the following annual average permissible limits for
residential, industrial, and other areas: PM10 at 60 pg/ms3, PM2.5 at 40 pg/ms3, SO2 at 80 pg/ms,
NO2 at 80 pg/ms3, and CO at 2 mg/m3 (8-hour average). For ecologically sensitive areas, the
standards are considerably stricter — for instance, PM2.5 is set at 20 pg/m? and SO2 at 20 pg/ms.
The WHO Air Quality Guidelines (2021 revision) are more protective still: an annual average
PM2.5 guideline of 5 pg/ms3, PM10 of 15 pg/ms3, and NO2 of 10 pg/mé3. The gap between the Indian
NAAQS and WHO guidelines is significant, and the gap between actual Kutch industrial-area
monitoring data and WHO guidelines is wider still. During winter months, PM2.5 in Gandhidham
and its surrounding industrial villages can exceed even the more lenient NAAQS annual standard
when expressed as short-term averages, with 24-hour values routinely exceeding 60-80 pg/m3
during peak pollution episodes.

In 2019, India launched the National Clean Air Programme (NCAP) with an initial target of
reducing PM2.5 and PM10 concentrations by 20-30% by 2024 (using 2017 as the baseline), later
revised to a 40% reduction in PM10 by 2026. For Kutch and Gujarat more broadly, achieving these
targets requires far more aggressive action against the large point sources of industrial emission —
particularly the coal power stations and cement plants — than has been demonstrated to date.

7. Effects of Air Pollution on Human Health

The health burden of air pollution in Kutch is a reality documented through both epidemiological
surveys and the lived experience of communities around Mundra and Bhachau. The effects operate
at multiple levels, from acute respiratory events to chronic systemic disease.

Local physicians working in villages around the Mundra power complex reported that within three
years of the plants commencing full operations, there was a 20-22% increase in upper respiratory
tract diseases in children. Similar increases in respiratory illness among elderly residents were
observed simultaneously. These community-level observations are consistent with the well-
established scientific evidence linking PM2.5 and NO2 exposure to asthma exacerbations, chronic
obstructive pulmonary disease (COPD), and increased susceptibility to respiratory infections.

A 2012-13 independent fact-finding mission in the Mundra area by the South Asian People's
Action on Climate Crisis recorded increases in respiratory tract illnesses and miscarriages among
livestock in communities surrounding the coal power stations. The report also noted linkages
between the social disruption caused by industrial encroachment — displacement, loss of
livelihood, noise, and pollution stress — and elevated rates of alcoholism and domestic violence,
demonstrating that air pollution's human health impacts extend into the psychological and social
domains.
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At the state level, a study published in The Lancet in 2018 reported that approximately 30,000
people died in Gujarat as a direct result of air pollution in the year 2017 alone. Life expectancy
was found to be reduced by 1.8 years in men and 1.5 years in women due to pollution exposure.
The primary causes of these excess deaths were strokes and cardiovascular disease, acute lower
respiratory infections, COPD, and lung cancer — all conditions with well-established dose-
response relationships to PM2.5 and toxic gas exposure.

Fly ash, which is alkaline and contains trace heavy metals such as arsenic, chromium, cadmium,
and mercury, poses additional health risks when it contaminates drinking water sources, food
crops, and the ambient air breathed by coastal communities. The Kutch coastal terrain, where
groundwater already has high total dissolved solids causing bone and kidney diseases, is
particularly vulnerable to compounding pollution from fly ash leaching.

8. Effects on Plants, Agriculture, and Ecosystems

The decline of date palm cultivation in the Mundra area stands as one of the most visible
testimonies to the agricultural toll of industrial pollution. Date palms were historically a defining
crop of Mundra's coastal farming families, providing livelihoods and cultural identity. Local farmer
Naran Gadhavi captured the change eloquently: "Mundra used to be famous for its date palms.
There was heavy production that financially empowered many farming families." The combination
of fly ash deposits on leaves, increased soil salinity from thermal discharge, and groundwater
salinisation from coastal industrial runoff has devastated this once-productive agricultural
landscape.

Fly ash physically blankets leaf surfaces, blocking the stomatal pores through which plants
exchange CO2 and O2, and reducing the photosynthetically active radiation reaching chloroplasts.
The alkaline nature of fly ash alters soil pH, reducing the bioavailability of micronutrients. SO2
and NOx, when absorbed through stomata at elevated concentrations, cause direct cellular damage
— bleaching, necrosis, and premature leaf drop — and reduce plant growth rates, crop yields, and
reproductive success.

Ozone, a secondary pollutant forming in Kutch's sunny summers from industrial NOXx precursors,
enters leaf stomata and reacts with antioxidants inside plant cells. Studies from South Asia
document wheat yield losses of 15-30% in areas regularly exposed to ozone concentrations above
40 ppb — concentrations that are plausibly reached in the Kutch industrial corridor during peak
summer months.

The Gulf of Kutch, one of India's most ecologically sensitive marine areas, has been severely
impacted by the complex of industrial activities on its northern shore. The discharge of thermally
elevated cooling water from power stations into coastal waters raises seawater temperatures,
reducing dissolved oxygen levels and Killing coral and invertebrate communities. Suspended
particulates in industrial effluents cloud the water column, impeding photosynthesis in
phytoplankton. Fishing communities report a drastic decline in fish catch, with some attributing
the early end of their fishing season to thermal and chemical pollution from intake and outfall
pipes. Mangroves — critical nursery habitats for juvenile fish and buffers against coastal erosion
— have been destroyed in portions of the Mundra coastline through port expansion and industrial
encroachment.

9. Effects on Property and Materials

The corrosive gases and acidic aerosols produced by Kutch's industrial complex also attack the
built environment and infrastructure. SO2 dissolves in atmospheric moisture to form weak
sulphuric acid solutions that corrode steel, limestone, and sandstone. This acid deposition affects
the historic havelis and architectural heritage of Bhuj and other Kutch towns, accelerating stone
weathering and metal corrosion in traditional structures.
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The Mundra power station's own operators have acknowledged that the saline, corrosive coastal
environment — combined with average wind speeds of 20—40 km/h — poses constant challenges
to plant infrastructure: cooling tower performance, metal components, and electronic monitoring
systems all require accelerated maintenance compared to inland installations. If this corrosion
affects the most technically advanced industrial equipment, its impact on the humbler infrastructure
of surrounding villages, fishing boats, and agricultural machinery is correspondingly greater.

Fly ash, when deposited on buildings, rooftops, and vehicles, creates a persistent cleaning burden
for households and businesses. Beyond aesthetics, the alkaline deposits chemically attack painted
surfaces, corrode zinc roofing, and contaminate rainwater harvesting systems. The famous Jain
pilgrimage destination of Vasai Teerth, in Bhadreshwar near Mundra, has been identified by local
communities as a site where air pollution from coastal coal plants threatens the religious and
cultural heritage of the site.

10. Regulatory Framework and Current Enforcement

India's principal regulatory instrument for air quality is the Air (Prevention and Control of
Pollution) Act of 1981, which empowers the CPCB at the national level and State Pollution Control
Boards at the state level to set emission standards, monitor compliance, and take enforcement
action. In Gujarat, this responsibility rests with the Gujarat Pollution Control Board (GPCB).

The GPCB has faced sustained criticism for inadequate enforcement against major industrial
polluters in Kutch and beyond. The 2022 CAG report, tabled in the Gujarat legislative assembly,
stated explicitly that the GPCB failed to take any action against Adani Power (Mundra) for its
illegal fly ash disposal and incorrect reporting of 100% fly ash utilisation over several years.
Despite clear violations of the Environment Protection Act, no enforcement action was recorded.
India's National Clean Air Programme, launched in 2019, listed 102 non-attainment cities — cities
where air quality persistently fails to meet NAAQS. Gujarat cities including Ahmedabad, Surat,
Rajkot, Gandhinagar, Ankleshwar, and Nandesari were included; while Bhuj and Gandhidham
were not classified as non-attainment cities at that time, the industrial corridor's documented
pollution levels suggest monitoring data gaps rather than genuine attainment. The NCAP targets a
40% reduction in PM10 by 2026, but progress has been uneven and enforcement remains the
weakest link in the regulatory chain.

Gujarat did achieve a significant regulatory innovation in 2019 with the world's first Emission
Trading Scheme (ETS) for particulate matter, launched in Surat. Under this market-based
mechanism, industries are given emission permits and can trade them — incentivising cleaner
facilities to sell surplus permits to more polluting ones, creating a financial incentive for emission
reduction. Analyses suggest participating industries in Surat reduced PM emissions by
approximately 24%. If extended to the Kutch industrial belt, such a mechanism could drive
meaningful reductions in fly ash and PM10 emissions from the cement and steel sector, though it
would not address gaseous pollutants like SO2 and NOx without separate treatment.

11. Community Responses and Advocacy

The communities most directly affected by Kutch's industrial air pollution are not passive. Fishing
communities in Mundra and Bhadreshwar have organised through bodies such as the Machimar
Adhikar Sangharsh Sangathan (MASS) and the National Fishworkers Forum to protest against
both the construction of new power plants and the environmental violations of existing ones. In
January 2013, over 3,000 villagers — fishermen, salt pan workers, and farmers — participated in
a 50-kilometre rally from Bhadreshwar to the district headquarters in Bhuj, demanding that
authorities study the cumulative environmental impact of the growing cluster of coastal coal plants
before granting further approvals.
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The challenge for these communities is profound and reflects a structural inequality at the heart of
India's industrial development model. As Gujarat-based environmentalist Mahesh Pandya stated
in 2016: "Irreversible and irreparable damage has been done to the area... The fisherfolk and
common people affected by this degradation cannot fight such a big company.” Without strong
regulatory oversight and enforcement by the state government, the communities bearing the
greatest health burden of Kutch's industrialisation also have the fewest tools to defend themselves
against it.

12. Proposed Interventions and Path Forward

Addressing air pollution in the Kutch region requires action at multiple levels simultaneously —
from large industrial point sources to diffuse vehicular and domestic sources.

For the thermal power stations at Mundra, immediate priorities include the mandatory installation
of Flue Gas Desulphurisation (FGD) systems on all units to reduce SO2 emissions, enforcement
of the Continuous Emission Monitoring Systems (CEMS) directive that has been pending for years,
and rigorous auditing of fly ash management practices to prevent open dumping. As of 2022, Adani
had installed FGD equipment on only three of nine units at Mundra, with tenders not yet issued for
the remaining six.

For the cement and steel sectors, adoption of best available technologies for dust suppression —
bag filters, electrostatic precipitators, water misting systems at conveyor transfer points — can
substantially reduce fugitive PM10 emissions. Green belt development around industrial estates,
using dust-trapping species appropriate to arid Kutch conditions, provides an additional natural
pollution buffer.

For urban air quality in Bhuj and Gandhidham, upgrading the vehicle fleet to BS-VI emission
norms, expanding public transport, and strictly enforcing fuel quality standards to prevent
adulteration would reduce NOx and CO from the transportation sector. The GPCB's expansion of
CAAQMS stations to cover industrial hotspots in Anjar, Bhimasar, and the Mundra port zone —
rather than relying on a single Bhuj station — would significantly improve the evidence base for
enforcement action.

At the community and household level, promoting clean cooking fuels and solar energy for salt
pan operations reduces biomass and diesel combustion in rural Kutch. Integrating air quality
information with health surveillance — enabling district health authorities to connect hospital
admissions data with AQI spikes — would build the local evidence needed to hold polluters
accountable.

13. Conclusion

The story of air pollution in Kutch is, at its core, the story of India's rapid and often inadequately
regulated industrial transformation. A region that was an ecological and cultural treasure has been
remade within two decades into one of India's most intensive industrial zones, with consequences
for air quality that are now visible in monitoring data, in clinical records, in dying date palm groves,
and in depleted fishing catches in the Gulf of Kutch.

The key sources of pollution — coal-fired power generation, cement production, steel
manufacturing, and port-related vehicular and dust emissions — are well identified. The pollutants
they release — PM2.5, PM10, SO2, NOx, CO, CO2, fly ash, and trace heavy metals — are well
characterised in terms of their health and environmental effects. The standards against which these
emissions must be measured are established. What remains inadequate is the will and capacity to
enforce those standards against the large, politically connected industries that benefit from the
current regulatory leniency.

For students of environmental studies, the Kutch case offers a vivid and multidimensional
illustration of the interplay between industrial development, regulatory governance, community
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health, ecological integrity, and social justice. It demonstrates why ambient air quality monitoring
Is not a technical exercise in data collection alone, but a foundation for the accountability and
action without which standards exist only on paper. The challenge of Kutch's air quality is
ultimately a challenge of governance — and the decisions made in the coming decade about
emissions enforcement, clean energy transition, and community rights will determine whether
Kutch's air can be made safe for the generations who will inherit it.
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CASE STUDY

Noise Pollution and Land Pollution in the Kutch Region of Gujarat, India
Subject: Environmental Studies | Module 4 | CO2

INTRODUCTION AND REGIONAL BACKGROUND

The Kutch district of Gujarat is the largest district in India by geographical area,
spanning approximately 45,652 square kilometres — nearly one-third of Gujarat's
total land area. It is a region of dramatic ecological contrasts: the vast white salt flats
of the Great Rann in the north, the intertidal mangrove creeks along the Gulf of
Kutch in the south, semi-arid grasslands in the interior, and a coastline of over 500
kilometres that is ecologically among the most sensitive in the country. Historically,
Kutch sustained itself through fishing, salt farming, animal husbandry, handicrafts,
and small-scale agriculture. Its communities — the Agariyas (salt pan workers), the
Wagher fishermen, the Maldhari cattle herders, and hundreds of small farming
villages — had shaped their livelihoods around the rhythms of the land and sea for
centuries.

All of this began to change rapidly after the devastating earthquake of January 26,
2001, which registered 7.7 on the Richter scale and killed over 20,000 people, injured
more than 1.67 lakh, and left vast parts of Bhuj and surrounding talukas in rubble.
While reconstruction became an urgent priority, the earthquake also opened the
door to unprecedented industrial expansion under the banner of economic recovery.
Within a decade, Kutch transformed from one of Gujarat's most underdeveloped
districts into one of the most industrialised — and one of the most environmentally
stressed. Today, Kutch produces nearly 75 percent of Gujarat's total mineral output
and is ranked among the top ten districts in all of India in terms of hazardous
industrial waste generation. This case study examines the twin crises of noise
pollution and land pollution that have unfolded in this transformation.



I PART ONE: NOISE POLLUTION IN KUTCH

Sources of Noise Pollution

Noise pollution in Kutch emerges from multiple industrial and infrastructural sources,
many of which operate simultaneously and in close proximity to residential villages,
wildlife habitats, and ecologically fragile zones.

* The Mining Industry: Kutch holds the largest deposits of limestone in Gujarat (67% of
state reserves), bentonite (57%), kaolin (62%), silica sand (98%), and significant lignite
deposits (15.2%). Open-cast mining activities generate continuous broadband noise
that permeates surrounding villages. Routine mining operations often approach or
exceed permissible ambient limits for residential zones. Workers near crusher plants
and drill machines are routinely exposed to noise in the range of 90 to 100 dB(A), well
above occupational thresholds.

* Mundra Port and Industrial Complex: India's largest commercial port, operated by
APSEZ, spans 15,000 hectares. Round-the-clock operations—ships berthing, container
cranes, heavy trucking, coal handling, and power plants—produce continuous
industrial noise. Nighttime noise is of particular concern, causing persistent sleep
disturbances for nearby fishing communities.

* Kandla (Deendayal Port): India's largest port by cargo volume generates intense
shipping traffic noise, fog horn signals, industrial machinery, and road freight noise
along national highways, severely impacting the Gandhidham-Adipur urban
agglomeration.

* Wind Energy Sector: Hundreds of wind turbines generate low-frequency mechanical
and aerodynamic noise (40 to 55 dB(A)). While within general limits, the persistent
character of this noise at night causes sleep disruption, psychological stress, and
behavioral changes in migratory birds.

* Construction Activity: Large-scale infrastructure projects (expressways, bypasses,
industrial estate expansion) utilize heavy equipment like pile drivers and concrete
batching plants, bringing intense noise to previously quiet areas.

Effects of Noise Pollution on Human Health and Wildlife

* Occupational Health: Mining and port workers face severe risks of noise-induced
hearing loss (NIHL). Workers routinely exceed safe daily exposure limits, reporting
conditions like tinnitus and progressive hearing loss.

* Community Well-being: Fishing communities, particularly the Waghers of Mundra,
experience psychological stress, sleep fragmentation, and irritability due to constant
port noise. Children near the Kandla industrial zone face impaired reading



comprehension, reduced concentration, and elevated stress hormones due to traffic
noise.

* Wildlife Disruption: The Rann of Kutch is a breeding ground for the Greater
Flamingo and home to the endangered Indian wild ass. Industrial noise disrupts
nesting behavior, foraging, increases flight distances, and reduces reproductive
success.

Noise Standards Being Violated

The Noise Pollution (Regulation and Control) Rules, 2000 under the Environment
Protection Act, 1986 designate the following permissible ambient noise limits:

Zone Category Daytime Limit (dB(A)) Nighttime Limit (dB(A))
Industrial 75 70
Commercial 65 55
Residential 55 45
Silence Zones 50 40

Occupational Limits: The limit under the Factories Act is 90 dB(A) for an eight-hour
working day, with an absolute maximum of 115 dB(A) for any duration.

Multiple noise environments in Kutch regularly exceed these standards. The situation is
exacerbated by the absence of systematic, publicly available, real-time noise monitoring
data maintained by the Gujarat Pollution Control Board (GPCB).

I PART TWO: LAND POLLUTION IN KUTCH

Sources of Land Pollution

Land pollution in Kutch is a composite crisis driven by various industrial and
environmental factors.

* Coastal Land Reclamation and Mangrove Destruction: The Adani Ports and SEZ
complex at Mundra was built on productive intertidal mudflats and mangrove forests.
An MoEF committee found widespread violations, including the destruction of
mangroves across 75 hectares of Bocha Island, blockage of natural creeks, and
irregular fly ash disposal from coal-fired power stations.



* Mining Degradation: Open-cast limestone, silica sand, bentonite, and kaolin mining
leave scarred landscapes, overburden dumps, and abandoned pits. Alkaline dust from
crushing alters soil pH, reducing crop productivity. Without active reclamation, these
arid sites remain barren for decades.

« Salt Industry Impacts: Brine spillage and leakage from evaporation pans in the Rann
of Kutch contaminate surrounding soil, causing salinisation. Additionally, a lack of
sanitation facilities for the Agariya community leads to biological contamination.

* Industrial Effluents and Solid Waste: The Gandhidham-Adipur-Anjar belt generates
liquid effluents and solid hazardous waste (heavy metals, pesticide residues, plastic).
Improper disposal on government and private land is widespread.

* Earthquake Debris: The 2001 earthquake left an estimated 14 million tonnes of
rubble, much of which was dumped in low-lying areas and open land around Bhuj,
creating localised pockets of land contamination.

Effects on the Environment and Ecology

* Marine Ecosystem Collapse: The loss of an estimated 340 square kilometres of
mangroves in Gujarat has decimated marine nurseries. High-value pomfret, prawn,
and Bombay duck fisheries have collapsed, reducing fishing incomes in Mundra by 40
to 45 percent and forcing longer, more expensive fishing voyages.

* Increased Cyclone Vulnerability: The removal of mangrove buffers and the seaward
displacement of high-tide lines (up to 10 km in some areas) leaves coastal villages
highly vulnerable to storm surges.

*Loss of Grazing and Agricultural Land: Mining-degraded zones have become
ecologically dead, displacing Maldhari pastoralists and accelerating rural-to-urban
migration. Soil salinisation has reduced the potential of already marginal farmland.

* Groundwater Contamination: Kutch groundwater naturally suffers from high total
dissolved solids (TDS). Industrial effluents, saline discharge from power plants, and
mining leachate are adding chemical pollutants and causing coastal aquifer saline
intrusion, threatening freshwater availability.

PART THREE: INTEGRATED ANALYSIS — NOISE AND LAND
POLLUTION COMBINED

What makes Kutch a uniquely instructive case for environmental studies is that noise
pollution and land pollution do not occur here as separate phenomena — they are the
joint products of the same industrial processes and the same failures of regulatory
enforcement. The limestone mine that blasts its overburden generates noise that disturbs
the sleep and hearing of nearby villagers, while simultaneously creating land



degradation through surface scarring, alkaline dust deposition, and disrupted hydrology.
The port that brings ships and cranes and coal-handling machinery generating 24-hour
industrial noise is the same port that reclaimed intertidal mudflats, destroyed

mangroves, and blocked creeks. The power...
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CASE STUDY REPORT

Solid Waste Generation and Management in the
Kutch Region of Gujarat

Types, Sources, Causes, Effects, Disposal Methods, Generation Data,
Current Practices and Government Policy Framework

Kutch (Kachchh) District, Gujarat, India

1. Introduction

Solid waste is one of the most visible and tangible indicators of a society's relationship with the natural
world. What a community throws away — and how it deals with what it throws away — reflects its level
of industrialisation, its consumption patterns, the maturity of its institutions, and the health of its
governance. In India, the problem of solid waste has grown in direct proportion to economic growth and
urbanisation: from a manageable challenge in the 1970s to a full-scale environmental and public health
crisis in the 21st century.

Nowhere in India is this crisis more sharply illustrated than in the Kutch district of Gujarat. A region that
was largely rural and semi-nomadic for centuries has, within two decades of the 2001 earthquake that
triggered massive reconstruction and industrial investment, transformed into one of India's most
concentrated industrial zones. Today Kutch hosts India's largest private thermal power complex at Mundra,
major cement plants, steel mills, chemical industries, a port that is India's largest by cargo volume, a vast
salt production industry, and a rapidly urbanising population in towns like Bhuj, Gandhidham, Anjar, and
Mundra. Each of these activities generates enormous quantities and varieties of solid waste — from the fly
ash produced by coal combustion to the steel slag from metal smelting, from the construction and demolition
debris of a district in perpetual rebuilding to the household garbage of a rapidly growing urban population.

What makes Kutch particularly challenging as a solid waste management case is the convergence of
industrial hazardous waste, municipal solid waste, agricultural waste, port-generated waste, mining and
quarrying residues, and natural disaster debris within a single, geographically isolated, ecologically fragile
district. The administrative and financial capacities of the district's urban local bodies have consistently
lagged behind the pace of waste generation, resulting in poorly managed dumpsites, illegal waste burning,
and significant environmental contamination. At the same time, the district's unique conditions — its aridity,
its industrial cluster, its coastline, and its traditional communities — provide both the urgency and the
ingredients for a transformative approach to waste management.

This case study examines the problem of solid waste in Kutch comprehensively, addressing its types,
sources, causes, environmental and health effects, disposal methods, generation data compared with other
cities, current management practices, and the government policy framework designed to address it.
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2. Objectives

This case study is guided by the following curriculum objectives under Course Outcome CO3:

To identify and classify the diverse types and sources of solid waste generated in the Kutch region, covering
municipal, industrial, hazardous, biomedical, e-waste, agricultural, and construction and demolition
categories, and to understand the scale of waste generation in absolute and per-capita terms in comparison
with other Indian cities.

To reduce the quantity of solid waste ultimately disposed of on land by examining recovery of materials
and energy from solid waste — including composting, recycling, refuse-derived fuel production, and waste-
to-energy technologies — and assessing their applicability and current adoption in the Kutch context.

To reduce the adverse effects of waste on human health and the environment by understanding the
mechanisms through which improper solid waste management causes air pollution through open burning,
water contamination through landfill leachate, soil degradation, disease vector proliferation, and greenhouse
gas emissions, and to evaluate the remedies available.

To examine current solid waste management practices in Kutch towns including door-to-door collection,
segregation at source, centralised processing, and final disposal, and to compare these practices with the
standards required under India's Solid Waste Management Rules 2016 and the Swachh Bharat Mission
framework.

3. Types and Sources of Solid Waste in the Kutch Region

3.1 Municipal Solid Waste (MSW)

Municipal solid waste is the waste generated by households, markets, offices, commercial establishments,
schools, hotels, and the general urban population. In Kutch, the principal urban centres generating MSW
are Bhuj (the district headquarters), Gandhidham (the commercial capital and port town), Anjar, Mundra,
Bhachau, Mandvi, and Rapar. The average per capita MSW generation in Indian cities ranges from 0.3 to
0.6 kilograms per person per day, with smaller and medium cities like Bhuj typically generating around
0.35to 0.40 kg per person per day.

The composition of MSW in Kutch broadly mirrors the Indian national average: approximately 40 to 51
percent is organic biodegradable matter (food waste, vegetable peels, garden waste), around 17 to 19 percent
is recyclable dry waste (plastics, paper, metals, glass, textiles), and the remaining 30 to 40 percent is inert
material (dust, ash, and construction debris mixed with household waste). However, the composition varies
significantly between the wealthier commercial areas of Gandhidham — where packaging-heavy consumer
lifestyles generate more plastic and paper — and the traditional residential areas of Bhuj, where organic
kitchen waste dominates.

By 2022-23, national data from MOSPI indicates that India's total urban MSW generation exceeded
170,000 tonnes per day. Gujarat state contributes a substantial portion of this. Kutch district's three major
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Urban Local Bodies — Bhuj, Gandhidham, and Anjar — collectively generate an estimated 350 to 450
tonnes of MSW per day, based on population-scaled estimates from state SWM data and the district's 2011
census population of approximately 2.1 million (with the urban component around 700,000 to 800,000
people, having grown significantly since then due to industrial migration).

Sources of MSW in Kutch include residential households across the towns, wholesale and retail markets
(particularly the busy fish and vegetable markets of Mandvi and the commercial markets of Gandhidham),
the hotel, restaurant, and tourism sector in Bhuj, the port worker settlements around Kandla and Mundra,
the numerous educational institutions and government offices in Bhuj, and the construction activity that has
remained near-continuous in the district since the 2001 earthquake.

3.2 Industrial Solid Waste

The single largest category of solid waste by volume generated in Kutch is industrial solid waste, dominated
by the coal fly ash and bottom ash produced by the thermal power stations at Mundra. The Adani Power
Mundra plant (4,620 MW) and the Tata Mundra Ultra Mega Power Plant (4,000 MW) together consume
millions of tonnes of coal annually. Thermal power generation typically produces fly ash equivalent to 20
to 25 percent of coal burned by weight — meaning that these two plants together generate in the range of
several million tonnes of ash annually. Fly ash is classified as a hazardous industrial solid waste due to its
content of heavy metals including arsenic, chromium, cadmium, lead, and mercury.

The cement plants at Bhuj and Abdasa (including Gujarat Anjan Cement and Sanghi Industries) generate
kiln dust, clinker residue, and refractory waste. The steel plants and sponge iron facilities at Bhimasar and
in the Anjar belt produce steel slag, sponge iron kiln dust, and mill scale. The chemical and petrochemical
industries at Gandhidham and Bhimasar generate process residues, spent catalysts, chemical sludge, and
packaging waste. The saw mills of the Gandhidham timber market — of which approximately 300 operate
in the Gandhidham-Kandla complex — produce large volumes of sawdust and wood chips. Salt production
across the Rann and Gulf coast generates salt residue and brine-saturated sludge.

India generates approximately 960 million tonnes of solid waste annually from all industrial, mining,
municipal, and agricultural sources combined, of which approximately 290 million tonnes are from industry
and mining, and about 7.9 million tonnes are hazardous in nature. Kutch, as one of India's most concentrated
industrial districts, contributes disproportionately to the industrial and hazardous waste component of this
national total.

3.3 Hazardous Waste

Hazardous waste in Kutch encompasses the fly ash from coal combustion, chemical plant residues, heavy
metal-bearing sludge from effluent treatment plants, spent petroleum products, used lubricants, solvent
residues, and chemically contaminated industrial process wastes from the Gandhidham industrial estate and
the Anjar—Bhimasar industrial belt. Distromed Kutchh Services Pvt. Ltd, located at Survey No. 42/1, Ratia,
Kutch, is among the authorised hazardous waste management facilities serving the district, as identified in
the Gujarat solid waste management cluster framework. However, the volume of hazardous waste generated
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by Kutch's industrial complex significantly exceeds the processing capacity of authorised facilities in the
district, leading to unlicensed storage, illegal dumping, and inadequate treatment.

3.4 Biomedical Waste

Biomedical waste is generated by hospitals, clinics, diagnostic laboratories, blood banks, veterinary
facilities, and pharmaceutical units. The district headquarters of Bhuj has a government district hospital and
several private hospitals; Gandhidham, as a major commercial hub, hosts multiple medical facilities. This
waste includes used syringes, bandages, blood-contaminated materials, expired medicines, surgical
instruments, anatomical waste, and pharmaceutical packaging. India generates approximately 550 tonnes of
biomedical waste daily at the national level. In Kutch, with its population of over 2.1 million and rapidly
growing urban health infrastructure, biomedical waste generation is estimated at several tonnes per day,
requiring authorised Common Biomedical Waste Treatment Facilities (CBWTFs) for safe handling.
Pollucare Biomedical Management Pvt. Ltd. and other authorised operators serve parts of Gujarat, though
access from remote Kutch talukas remains logistically challenging.

3.5 Electronic Waste (E-Waste)

Electronic waste — comprising discarded computers, mobile phones, televisions, refrigerators, cables,
circuit boards, and other electronic devices — is a rapidly growing waste stream in Kutch as the district's
industrial and commercial population adopts technology at an accelerating pace. The port and logistics
industry in Gandhidham—Kandla, the industrial sector at Mundra SEZ, and the growing commercial and
educational establishments in Bhuj generate significant quantities of obsolete or end-of-life electronics. E-
waste contains valuable recoverable materials including gold, silver, copper, and rare earth metals, but also
toxic substances including lead (in solder and cathode ray tubes), cadmium, hexavalent chromium,
brominated flame retardants, and mercury. India generated approximately 1.5 million tonnes of e-waste in
financial year 2022, and the national figure is growing at approximately 10 to 15 percent annually. Without
access to authorised e-waste recyclers (most of which are concentrated in Ahmedabad and Surat), Kutch's
e-waste tends to be handled by the informal sector through crude burning and acid stripping, releasing toxic
fumes and residues.

3.6 Construction and Demolition (C&D) Waste

The 2001 Bhuj earthquake devastated approximately 90 percent of the structures in Bhuj city and caused
widespread damage across many Kutch towns. The reconstruction period that followed — and continues in
phases to this day — generated vast quantities of construction and demolition debris: broken concrete,
masonry rubble, tiles, steel reinforcing bars, wood, glass, and mixed building materials. Beyond earthquake
recovery, the ongoing industrial construction of new power plant units, port facilities, roads, and residential
developments continues to produce large volumes of C&D waste. Unlike organic MSW, C&D waste is
largely inert but bulky, occupying significant landfill space and creating visual blight when dumped in open
areas. Stone and aggregate from C&D waste could be recycled into road construction material but this
practice is not systematically implemented in Kutch.
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3.7 Agricultural and Slaughterhouse Waste

Agricultural waste in Kutch includes crop residues from cotton, cumin, and castor farming in the eastern
and southern talukas, animal dung from the large livestock population (cattle, buffaloes, sheep, goats, and
the region's unique camel herds), and packaging materials from agro-inputs. Kutch's 2012 livestock census
recorded substantial growth in cattle and buffalo populations, which produce large volumes of dung that
can either be managed sustainably through biogas plants and vermicomposting or become a source of
methane, disease vectors, and water contamination if left unmanaged. Slaughterhouses associated with the
meat markets of Bhuj and Gandhidham generate animal waste, blood, fat, and offal that requires separate
and hygienic management.

3.8 Port and Shipping Waste

Mundra Port — India's largest private port by cargo volume — generates a distinct category of solid waste
related to maritime activity. This includes cargo residues (coal dust, grain spillage, fertiliser granules, and
chemical product residues), wooden dunnage and packing materials from containerised cargo, ship's stores
and provisions waste, used ropes and cables, obsolete equipment, and the waste produced by the thousands
of workers employed at the port. The Kandla (Deendayal) Port, one of India's major public sector ports also
located in Kutch, similarly generates port-specific solid waste. The concentration of both ports in a single
district makes Kutch a uniquely high port-waste-generating region.

4. Causes of Solid Waste Pollution in Kutch

Understanding why solid waste becomes a pollution problem — rather than being successfully managed —
requires examining the social, economic, institutional, and behavioural causes that drive poor waste
management outcomes. In Kutch, these causes operate at multiple levels simultaneously.

The most fundamental cause is the sheer pace of industrialisation and urbanisation that has outpaced the
institutional and infrastructural capacity of the district's Urban Local Bodies (ULBs). The Bhuj
municipality, the Gandhidham Nagarpalika, and the smaller municipal bodies of Anjar and Mundra have
budgets, staffing levels, and technical expertise that were designed for populations and waste volumes of
the 1990s. The industrial transformation of the early 2000s has multiplied both the population and the per-
capita waste generation rate without a proportional increase in municipal resources.

The inadequacy of waste segregation at source is a cause that operates at the household and business level.
Despite the mandatory requirements of the Solid Waste Management Rules 2016 for every waste generator
to separate biodegradable, recyclable, and hazardous waste into separate containers before handing it over
for collection, compliance in Kutch — as in most Indian secondary cities — remains incomplete. Mixed
waste is harder to process efficiently, reduces the quality and value of recovered recyclables, and increases
the volume that ends up in landfills.

The absence of scientifically engineered landfills in Kutch is a structural cause of pollution. The waste that
is collected is predominantly taken to open dumpsites — unlined, unfenced, uncontrolled areas where waste
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is deposited without leachate management, gas extraction, or compaction. The Gandhidham municipality's
dumpsite near Meghpar village, documented in India Together magazine in 2016, exemplifies this failure:
the site was being operated in violation of the Municipal Solid Waste Management Rules 2000, without
authorisation from the GPCB, with open burning of waste generating toxic fumes and with cattle freely
accessing the dump. The GPCB issued a notice to Gandhidham Nagarpalika in March 2016, finding grave
environmental impacts and offences under the Environment Protection Act 1986, but the structural problem
of inadequate waste infrastructure persists.

Industrial waste mismanagement is driven by a combination of economic incentives and weak regulatory
enforcement. The lower cost of illegal dumping compared to proper treatment and disposal — when
regulatory enforcement is absent or inconsistent — creates a systematic incentive for industries to cut
corners. The documented case of Adani Power illegally dumping 1.542 million metric tonnes of fly ash in
low-lying areas near Mundra without GPCB approval (as found by the CAG of India in 2022) illustrates
this dynamic at the largest scale. If the most powerful industrial actor in the district can dispose of hazardous
industrial solid waste illegally without consequence, smaller industries face even weaker compliance
pressures.

Poverty and informal sector dependence are also causes of solid waste pollution. In Kutch's rural areas and
in the informal settlements around Gandhidham and Bhuj, households may have no municipal collection
service. In the absence of collection, residents resort to burning waste in the open, dumping it in dry
riverbeds and low-lying areas, or mixing it with agricultural land. Each of these practices converts a
manageable solid waste problem into multiple environmental problems simultaneously.

5. Effects of Solid Waste Pollution on Human Health and
Environment

5.1 Effects on Human Health

The population living near the Gandhidham municipality's Meghpar dumpsite exemplifies the human cost
of poor solid waste management. The women of Meghpar village described open burning of waste creating
large quantities of fumes and stench, with cattle straying into the unfenced site. The toxic gases generated
by open burning of mixed municipal waste — including carbon monoxide, particulate matter, nitrogen
oxides, carcinogenic hydrocarbons, dioxins, and furans — cause acute and chronic respiratory disease,
exacerbate asthma, and in prolonged exposures increase the risk of lung cancer. These health impacts fall
disproportionately on the poorest residents who live closest to dump sites and who lack the economic means
to relocate.

Globally, open burning of MSW is the largest emitter of carbon monoxide from waste sector activities. In
Mumbai, open burning of MSW has been estimated to account for approximately 19% of the city's CO,
particulate matter, and hydrocarbon air pollution. For a district like Kutch where open burning of waste is
common both in urban dump sites and in rural areas, these emissions represent a substantial addition to the
already elevated industrial air pollution burden from the coal power stations and cement plants.
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Landfill leachate from open dumpsites contaminates shallow groundwater, introducing elevated
biochemical oxygen demand, ammonia, chlorides, heavy metals, and pathogenic microorganisms into water
sources used by communities near dump sites. In a district like Kutch where groundwater is already stressed
by salinity and fluoride, any additional chemical loading from leachate can push water quality below safe
limits. Faecal contamination of groundwater from solid waste sites promotes waterborne diseases including
diarrhoea, typhoid, cholera, and hepatitis A. Communities living near MSW dumpsites in India experience
elevated rates of respiratory disease, skin infections, eye irritation, gastrointestinal problems, and in the
vicinity of toxic industrial waste dumps, more serious chronic conditions including neurological disorders
and heightened cancer risk.

Solid waste sites attract disease vectors including flies, mosquitoes, rats, and feral dogs. In Kutch's climate
— warm for most of the year, with standing water after monsoon rains — mosquito breeding in waste-filled
water bodies contributes to outbreaks of malaria and dengue. The large feral dog population around Bhuj's
waste dump sites has been associated with incidents of dog bites and risk of rabies transmission.

5.2 Effects on Soil and Agriculture

Fly ash from the Mundra power stations, when deposited on agricultural land near dump sites or carried by
wind during dry months, alkalises the soil and introduces heavy metals into the root zone. Crops absorbing
heavy metals such as arsenic, cadmium, and lead from contaminated soil not only fail to produce normal
yields but also accumulate these toxins in grains and vegetables, entering the food chain. Farmers near the
Mundra power complex have documented the decline of their date palm groves — historically a defining
agricultural product of the area — attributing this to soil salinisation and alkalisation from industrial waste
deposits.

Open dumping of mixed MSW on agricultural land degrades soil structure, introduces plastic fragments
that persist for centuries, and creates anaerobic conditions beneath waste piles that suppress plant growth.
Construction and demolition waste dumped on agricultural land buries topsoil under a layer of inert rubble,
permanently reducing agricultural productivity in affected areas.

5.3 Effects on Water Bodies

Kutch's seasonal rivers and coastal creeks, which serve as drainage channels during monsoon, transport
whatever solid waste has accumulated in their catchment areas during the dry months in a concentrated
pulse to the Gulf of Kutch. Plastic waste, chemical containers, industrial packaging, and agricultural residue
carried in monsoon runoff enter the marine environment, contributing to coastal pollution and entanglement
hazards for marine fauna. The Gulf of Kutch, a marine sanctuary harbouring India’s second-largest mainland
mangrove forest and significant coral reef ecosystems, is particularly vulnerable to the plastic and chemical
waste load arriving from the industrialised northern shore.

Leachate from the unlined Gandhidham dumpsite near Meghpar, and from similar unengineered dumps
across the district, seeps into shallow groundwater and eventually reaches coastal creeks and the Gulf. This
leachate carries dissolved organic matter, ammonia, and heavy metals that lower dissolved oxygen, raise
biochemical oxygen demand, and introduce toxic substances into marine food webs.
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5.4 Effects on Atmosphere and Climate

Decomposing organic waste in anaerobic conditions within landfills and open dumps generates methane —
a greenhouse gas approximately 80 times more potent than carbon dioxide over a 20-year period. Landfill
methane is a significant contributor to India's greenhouse gas inventory from the waste sector. The CPCB
projects that India's total MSW generation will rise from 62 million tonnes annually to 165 million tonnes
by 2030, implying a proportional increase in landfill methane unless waste is diverted through composting,
anaerobic digestion with gas capture, or waste-to-energy facilities.

Open burning of waste generates carbon monoxide, volatile organic compounds, polycyclic aromatic
hydrocarbons, dioxins, furans, and black carbon — all of which are serious air pollutants and some of which
are persistent organic pollutants that accumulate in the environment. In the context of Kutch's existing air
quality burden from industrial emissions, solid waste burning adds a particularly harmful layer of local
pollutant loading to areas near dump sites and informal settlements.

5.5 Relevant CO to CO2 Relationship in Waste Management

The CO to CO2 ratio in emissions from waste treatment and disposal activities is a critical diagnostic metric
in solid waste management. In scientifically designed and well-operated waste incinerators — where
combustion temperatures are maintained above 850°C with adequate residence time and oxygen supply —
organic material in waste is fully oxidised to CO2 and water, with minimal CO production. This represents
the ideal carbon conversion ratio: complete combustion, minimal CO.

In contrast, open burning of mixed MSW — as practiced at the Gandhidham dumpsite and at informal
burning sites across Kutch's rural areas — occurs at low and variable temperatures with insufficient oxygen
supply. This produces an elevated CO to CO2 ratio, meaning a large fraction of the carbon in waste is
emitted as CO rather than CO2. While CO2 is a greenhouse gas, CO is both a local health hazard and an
indicator of inefficient combustion that wastes the potential energy content of the waste. The elevated CO
to CO2 ratio from open burning also indicates the concurrent generation of other products of incomplete
combustion — including dioxins, furans, and polycyclic aromatic hydrocarbons — which are far more toxic
than either CO or CO2.

In composting operations — the preferred treatment for the 40 to 51 percent of Kutch's MSW that is organic
— organic carbon is converted to CO2 and stable humus, with virtually no CO produced. In sanitary
landfills with gas capture systems, the methane produced by anaerobic decomposition can be captured and
used for electricity generation, converting a greenhouse gas emission into a renewable energy resource
while simultaneously reducing the CO and methane that would otherwise escape to the atmosphere. The
transition from open burning and open dumping — which produce high CO to CO2 ratios and methane —
to composting and managed landfills represents one of the most achievable and impactful paths to reducing
both local health impacts and global climate change contributions from Kutch's waste sector.
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6. Methods for Solid Waste Disposal

6.1 Open Dumping (Current Dominant Practice — Problematic)

Open dumping is the deposit of solid waste on open land without any engineering controls. It is the most
widely practiced form of solid waste disposal in Kutch and across most of India's secondary cities. In open
dumping, waste is transported from collection points to a designated or informally designated land area and
deposited without compaction, without liner systems to prevent leachate migration, without gas
management infrastructure, without cover material, and without any form of environmental monitoring. The
Gandhidham dumpsite near Meghpar — documented to be operating in violation of MSW Rules —
exemplifies the open dumping approach: the site was unfenced, waste was being openly burned, cattle were
accessing it, and there was no GPCB authorisation.

Open dumping is prohibited under the Solid Waste Management Rules 2016, which require all ULBs to
remediate existing dumpsites and transition to engineered sanitary landfills. Despite this legal mandate,
progress toward dumpsite remediation in Kutch has been slow, reflecting the broader national picture in
which over 2,400 active open dumpsites continue to accept waste across India.

6.2 Engineered Sanitary Landfill

A sanitary landfill is an engineered disposal facility designed to minimise environmental contamination.
Key features include a properly prepared site with geological or artificial liner systems (clay or high-density
polyethylene geomembranes) to prevent leachate migration into groundwater, a leachate collection and
treatment system, a gas collection infrastructure (to capture methane for energy or for controlled flaring),
daily cover of deposited waste with soil or alternative material to control vectors and odours, a final cover
system upon closure, and long-term post-closure monitoring. The Solid Waste Management Rules 2016
require all Indian cities with populations above 100,000 — which includes Bhuj and Gandhidham — to
have operational sanitary landfills.

Guijarat's solid waste management cluster framework assigns Bhuj, Mandvi, and surrounding municipalities
to one cluster (Cluster 16) and Gandhidham, Anjar, and surrounding municipalities to another cluster
(Cluster 14), facilitating the development of regional sanitary landfill facilities shared between smaller
municipalities. The development of such regional facilities is intended to achieve economies of scale in
landfill engineering and operation that individual small ULBs cannot afford on their own.

6.3 Composting

Composting is the controlled aerobic biological decomposition of organic waste — food scraps, vegetable
peels, garden waste, agricultural residues — into a stable, nutrient-rich soil amendment called compost.
Given that approximately 40 to 51 percent of India's MSW is organic biodegradable matter, composting
represents the highest-volume applicable treatment technology for Indian cities. Composting can be
practiced at the household level (using simple bins or earthen pits), at the community level (in decentralised
composting centres serving a ward or neighbourhood), or at a centralised facility handling the entire city's
organic waste fraction.
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Kutch's predominantly arid climate actually favours thermophilic composting during the cooler months
(October to February) when organic matter decomposes efficiently in well-aerated piles. The compost
produced can be used in the district's agricultural areas, reducing dependence on synthetic fertilisers and
improving the organic matter content of Kutch's sandy and salt-affected soils. Gujarat's five-year industrial
policy provides financial incentives for waste-to-resource infrastructure, and the SBM framework requires
ULBs to establish composting facilities and achieve source segregation to enable them.

6.4 Vermicomposting

Vermicomposting uses earthworms — primarily Eisenia fetida (red wigglers) — to accelerate the
decomposition of organic waste into a high-quality soil amendment known as vermicompost or worm
castings. Vermicompost is richer in plant-available nutrients than conventionally composted material, and
the process is suited to decentralised operation at the household or ward level. Adani Power noted
vermicomposting as a trial application for fly ash at Mundra; more broadly, vermicomposting of the organic
fraction of Kutch's MSW could significantly divert biodegradable waste from landfills while generating a
valuable soil amendment for local farmers.

6.5 Biogas and Bio-CNG Production

Anaerobic digestion of organic waste in a sealed reactor without oxygen produces biogas — a mixture of
methane and CO2 that can be used as a cooking fuel, for electricity generation, or upgraded to bio-CNG
(compressed natural gas equivalent) for vehicle use. Anaerobic digestion simultaneously produces digestate
— a nutrient-rich slurry that can be used as fertiliser after stabilisation. For Kutch, bio-CNG production
from municipal organic waste, agricultural residue, and animal dung (from the district's large livestock
population) offers a pathway to both renewable energy generation and waste volume reduction. The
government's GOBAR-Dhan scheme provides financial support for biogas plant installation at the village
and community level.

6.6 Recycling and Material Recovery

Recycling recovers valuable materials from waste — including plastics, metals, paper, glass, and rubber —
and returns them to the production chain as raw material substitutes. In Kutch, informal recycling by waste
pickers (kabadiwalas) already recovers a significant fraction of dry recyclable waste before or during the
collection process. These informal workers play an essential economic function in the waste management
system but do so without legal recognition, social protection, or safe working conditions.

Formal material recovery facilities (MRFs) — where collected dry waste is mechanically sorted and baled
for sale to recyclers — are being promoted under the SBM framework. A waste segregation plant supply
exists in Gujarat including servicing Gandhidham and Bhuj, enabling material recovery from segregated
dry waste streams. The Extended Producer Responsibility (EPR) provisions under the Plastic Waste
Management Rules and E-Waste Management Rules require producers to finance the collection and
recycling of the products and packaging they place in the market — a mechanism that, if properly enforced,
could fund improved recycling infrastructure in Kutch.
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6.7 Refuse-Derived Fuel (RDF) and Waste-to-Energy

The non-biodegradable, non-recyclable high-calorific fraction of MSW — primarily mixed plastics, non-
recyclable multi-layer packaging, textile waste, and rubber — can be processed into refuse-derived fuel
(RDF), which is used as a coal substitute in cement kilns. Kutch's cement plants are in principle well-
positioned to co-process RDF, converting a waste problem into a fuel resource while reducing the coal
consumed per tonne of clinker. This circular economy opportunity — using the waste of one industrial
sector as a resource for another — is being explored under Gujarat's industrial waste exchange frameworks.

Full-scale waste-to-energy (WIE) incineration plants generate electricity by burning MSW at high
temperatures. India has WtE plants in Delhi, Hyderabad, and a few other cities, but their economic viability
with Indian MSW — which has high organic content and moisture, resulting in low calorific value — is a
subject of ongoing debate. For Kutch, with its high organic waste fraction, composting and anaerobic
digestion are generally more cost-effective and environmentally sound treatment pathways than
incineration, except for the genuinely non-recyclable and non-biodegradable residual fraction.

6.8 Industrial Solid Waste Specific Methods

Fly ash from the Mundra power stations is managed through a combination of approaches. Some is used in
the manufacture of fly ash bricks, concrete, and cement (fly ash is a pozzolanic material that can substitute
for Portland cement clinker, reducing both waste volume and CO2 emissions from cement production). Fly
ash has also been used for road embankment construction and land reclamation. However, the volume of
fly ash generated by the combined 8,620 MW of coal power capacity at Mundra far exceeds the local and
regional demand for fly ash in construction applications, making proper engineered disposal of the excess
an ongoing challenge. Steel slag from the Anjar—-Bhimasar belt can be processed into aggregate for road
construction or building materials. These industrial by-product utilisation approaches reflect the principles
of industrial ecology — where the waste of one process becomes the raw material of another — but require
the development of markets, logistics, and quality standards to be implemented at scale.

7. Solid Waste Generation Data for Kutch and Comparison with
Other Cities

7.1 Kutch District: Estimated Waste Generation

Kutch district's urban population is distributed across six municipalities and multiple Notified Area
Authorities (NAAs). Based on 2011 census figures (urban population approximately 700,000) and
accounting for significant post-2001 industrial in-migration and natural growth, the current effective urban
population served by waste management services is likely in the range of 800,000 to 1,000,000 persons. At
the India secondary city average of approximately 0.35 to 0.40 kg per person per day, the three main urban
centres — Bhuj (estimated population around 190,000 to 200,000), Gandhidham (estimated 300,000 to
350,000 as the largest city and commercial capital), and Anjar (estimated 80,000 to 100,000) — collectively
generate approximately 250 to 350 tonnes of municipal solid waste per day.
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Bhuj Nagarpalika covers approximately 74 Mandvi and Bhuj urban wards (per the Gujarat SWM cluster
documentation, Cluster 16 covers Bhuj and Mandvi), while Gandhidham and Anjar form Cluster 14. The
waste generation rate in Gandhidham, being the more commercially intensive port town with higher per-
capita income and consumption, is likely closer to 0.45 kg per person per day, while Bhuj's rate, being more
administratively focused with a higher proportion of institutional waste, is likely around 0.38 kg per person
per day. In addition to municipal solid waste, the industrial zones of Anjar—Bhimasar and Mundra generate
an estimated several million tonnes per year of fly ash, industrial sludge, slag, and process residues —
making the total solid waste burden of Kutch vastly larger than the MSW component alone.

7.2 Comparison with Other Gujarat Cities

Comparing Kutch's solid waste situation with other Gujarat cities provides important context for
understanding relative performance and challenges. Ahmedabad, Gujarat's largest city and the most polluted
by annual PM2.5 concentration, generates approximately 3,000 to 3,500 tonnes of MSW per day from its
population of over 8 million. Ahmedabad has invested significantly in waste processing infrastructure,
including mechanised composting plants and a materials recovery facility at the Pirana dumpsite — one of
the largest dumpsites in Asia — though the legacy waste mountain at Pirana remains an unresolved
challenge. Surat, Gujarat's second most populous city and consistently ranked among India’s cleanest in the
Swachh Survekshan, generates approximately 2,200 to 2,500 tonnes per day and is widely regarded as a
model of urban solid waste management, having recovered from a devastating plague outbreak in 1994
partly linked to poor sanitation conditions. Surat's success is attributed to strong political will, professional
municipal management, and sustained citizen engagement in the Swachh Survekshan assessment process.

At the national level, the comparison becomes even more instructive. Delhi generates approximately 11,000
metric tonnes of MSW per day, with the towering Ghazipur landfill (rising over 65 metres) serving as a
physical monument to the consequences of failing to transition from open dumping to scientific waste
management. Mumbai generates about 6,256 metric tonnes per day with a per capita generation of
approximately 0.5 kg — higher than the national average, reflecting Mumbai's economic intensity. In
contrast, the Swachh Survekshan consistently recognises Indore (Madhya Pradesh) and Surat (Gujarat) as
the cleanest cities in India for their comprehensive door-to-door collection, source segregation, composting,
and zero-landfill ambition.

Against these comparators, Kutch's towns — particularly Bhuj and Gandhidham — are mid-tier performers
in solid waste management. They are better served than the smallest and most remote towns of Kutch's rural
talukas, where collection services may reach only main roads and central market areas, but they fall well
short of the Surat or Indore standard. The Gandhidham dumpsite episode, the illegal waste burning
documented near Meghpar, and the absence of scientifically engineered landfills with leachate management
reflect conditions typical of India's mid-sized secondary cities — caught between the ambitions of the SBM
framework and the realities of limited local government capacity.

8. Current Solid Waste Management Practices in Kutch
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8.1 Door-to-Door Collection

Under the Swachh Bharat Mission, urban local bodies across India have been required to achieve 100
percent door-to-door waste collection coverage. In Kutch's urban centres, municipalities have deployed
waste collection vehicles — tippers, auto-tippers, and tricycles for narrow lanes — to collect waste from
households. The municipality segregates routes by ward, with collection teams typically making daily or
alternate-day rounds. Coverage has improved substantially from the pre-SBM era when collection was
limited to major roads and markets, but is still incomplete in peripheral wards, informal settlements, and
recently developed areas around the Mundra and Anjar industrial zones.

A key challenge is the day-to-day operational quality of collection. In Bhuj, the hilly terrain and the narrow
lanes of the old walled city create logistical challenges for mechanised vehicles. In Gandhidham, the rapid
growth of peripheral areas linked to port employment has outpaced the municipality's ability to extend
collection routes. Overall, door-to-door collection coverage in Kutch's main towns is estimated at 70 to 85
percent of wards — an improvement over the pre-2014 baseline but still leaving a significant fraction of the
population without reliable daily collection.

8.2 Source Segregation

The SBM framework requires all waste generators — households, businesses, markets, and institutions —
to segregate waste at source into a minimum of three categories: wet (biodegradable organic) waste in a
green bin, dry (recyclable) waste in a blue bin, and hazardous domestic waste (batteries, used medicines,
electronic items) in a separate container. The Solid Waste Management Rules 2016 make this segregation
mandatory for all waste generators.

In practice, source segregation compliance in Kutch remains inconsistent. While municipalities have
distributed colour-coded bins and conducted awareness campaigns as part of SBM, the infrastructure for
downstream processing of segregated waste — separate collection vehicles for wet and dry streams, separate
processing facilities — is not yet fully in place. The result is that even where households segregate waste,
the collection may mix the streams again due to single-vehicle collection, undermining the purpose of
segregation. As one national analysis found, many Indian cities have limited the practice to the distribution
of blue and green dustbins without ensuring end-to-end segregation infrastructure. Kutch reflects this
pattern: pockets of genuine segregation in more affluent or civic-minded neighbourhoods, but widespread
mixing in areas without enforcement or incentive.

8.3 Bulk Waste Generators and Industrial Compliance

The SWM Rules 2016 define Bulk Waste Generators (BWGS) as entities generating more than 100 kg of
waste per day — including commercial complexes, hotels, hospitals, universities, railway and bus stations,
and industrial units. BWGs are required to manage their own biodegradable waste through on-site
composting or bio-methanation, to segregate and hand over recyclables to registered recyclers, and to
arrange for the scientific disposal of non-recyclable residual waste through authorised channels. In Kutch,
the major hotels, hospitals, and large commercial establishments in Bhuj and Gandhidham are increasingly
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required to comply with BWG obligations under SBM enforcement campaigns, though smaller businesses
and informal establishments often evade compliance.

The industrial solid waste generated by Kutch's major industrial units — particularly fly ash, steel slag, and
chemical process residues — is governed by the Hazardous Waste (Management, Handling and
Transboundary Movement) Rules 2016, not the SWM Rules 2016. These industries are required to obtain
authorisation from the GPCB for storage, treatment, and disposal of hazardous waste. However, as the 2022
CAG audit documented, compliance enforcement against large industrial operators has been severely
deficient in Kutch, with authorised treatment capacity unable to absorb the volume of industrial solid waste
generated.

8.4 Processing and Treatment Facilities

Bhuj municipality operates a composting facility for organic waste from the vegetable and fruit markets,
though its capacity is modest relative to the total organic waste generated in the city. Gujarat's SWM cluster
system — which groups Bhuj with Mandvi in Cluster 16 and Gandhidham with Anjar in Cluster 14 — is
designed to enable shared investment in regional processing facilities that individual small municipalities
could not sustain alone. Under the cluster framework, centralised composting plants, material recovery
facilities, and eventually sanitary landfills are intended to serve multiple municipalities within each cluster.

Private sector participation in waste processing has been encouraged through PPP models under SBM.
However, waste-to-energy incineration plants — which require a minimum calorific value in waste that
Indian MSW's high moisture and organic content often fails to meet — have not been established in Kutch.
The most appropriate processing pathway for Kutch's waste composition remains composting for organic
matter (which accounts for 40 to 51 percent), material recovery for recyclables (17 to 19 percent), RDF
production from non-recyclable calorific fractions, and sanitary landfilling for inert residue.

8.5 Legacy Dumpsite Remediation

Swachh Bharat Mission 2.0, launched in 2021, specifically requires the remediation of legacy dumpsites —
the large accumulations of historically deposited mixed waste that represent decades of open dumping. SBM
2.0 set a deadline of 2023 for remediation of dumpsites in cities with populations below one million, and
2024 for larger cities. Nationally, as of 2024, only approximately 17 percent of legacy waste had been
addressed, with plans in motion for another 26 percent and the remaining 56 percent still untouched. For
Kutch's municipalities, legacy dumpsite remediation represents a significant financial and technical
challenge that requires national and state funding support to execute.

8.6 Rural Solid Waste Management

The 969 villages of Kutch district — including the remote fishing hamlets of the Gulf coast, the pastoralist
communities of the Rann border area, and the mining settlements near Panandhro — face solid waste
management challenges that are qualitatively different from those of the urban centres. In rural areas,
organic waste is largely managed through traditional practices: composting in farm pits, feeding livestock,
and burning dry residues. However, the introduction of packaged goods, plastic packaging, and consumer
electronics into rural markets has created a new category of non-degradable waste for which traditional
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management methods are wholly inadequate. Plastic bags, sachet packaging, and discarded electronics now
litter rural Kutch, particularly along roadsides and seasonal watercourses.

The SBM-Gramin (rural) component has focused on toilet construction and open defecation-free status in
rural areas, with solid waste management receiving relatively less attention in smaller villages. Gram
Panchayats are responsible for waste management in their jurisdictions but have very limited budgets and
technical capacity. The development of community-level composting systems, bio-gas plants using
livestock dung, and plastic waste collection drives supported by EPR-funded programmes represents the
most feasible path toward improved rural SWM in Kutch.

9. Regulatory Framework and Government Initiatives

9.1 Solid Waste Management Rules 2016

The Solid Waste Management Rules 2016, issued by the Ministry of Environment, Forest and Climate
Change under the Environment Protection Act 1986, represent the most comprehensive legal framework
for municipal solid waste in India. The rules mandate source segregation of waste into wet, dry, and
hazardous categories; door-to-door collection by all ULBs; construction of processing facilities for
biodegradable waste, material recovery facilities for dry waste, and sanitary landfills for residual waste;
extended producer responsibility for packaging waste generators; and prohibition of open burning and open
dumping. ULBs are required to achieve compliance within specified timelines. Violations are punishable
under the Environment Protection Act, and the GPCB is empowered to issue notices and initiate legal action
against non-compliant municipalities — as it did against the Gandhidham Nagarpalika in 2016.

9.2 Swachh Bharat Mission (2014 to present)

The Swachh Bharat Mission (SBM), launched on October 2, 2014, is India’s flagship national cleanliness
and sanitation programme. Under SBM-Urban, cities were given targets for achieving 100 percent door-to-
door waste collection, 100 percent source segregation, and 100 percent scientific waste management. The
Swachh Survekshan annual assessment — the world's largest urban sanitation survey — ranks cities by
their cleanliness performance, creating a powerful competitive incentive for municipalities to improve.
Swachh Bharat Mission 2.0 (2021 to 2026) extends these objectives with specific targets for legacy
dumpsite remediation, garbage-free city certification (1-star to 7-star ratings), and zero-waste event
promotion. Under SBM 2.0, all cities aim for at least 3-star Garbage Free City certification.

For Kutch's municipalities, SBM has driven improvements in door-to-door collection coverage, the
distribution of colour-coded bins, and the organisation of waste awareness campaigns. Participation in the
annual Swachh Survekshan survey has incentivised Bhuj and Gandhidham municipalities to improve
measurable cleanliness indicators. However, reaching the performance levels of SBM 2.0's higher-tier cities
will require sustained investment in processing infrastructure, enforcement of source segregation, and
engagement of the large industrial waste generators.
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9.3 Extended Producer Responsibility (EPR)

The Extended Producer Responsibility provisions under the Plastic Waste Management Rules (2016,
amended 2022), E-Waste Management Rules (2016, revised 2022), and Battery Waste Management Rules
place the financial and organisational responsibility for collecting and recycling packaging and product
waste on the producers and importers who placed those products in the market. For Kutch, EPR-funded
collection infrastructure for plastic packaging, e-waste, and batteries could significantly improve the
recovery of these waste streams, which currently accumulate in open environments. The formalisation and
integration of Kutch's existing informal waste picker community into EPR-funded collection networks —
with appropriate social protection — would improve both livelihoods and waste recovery rates
simultaneously.

9.4 Hazardous Waste Management Rules 2016

The Hazardous and Other Wastes (Management and Transboundary Movement) Rules 2016 govern the
generation, storage, treatment, and disposal of industrial hazardous waste. In Kutch, these rules apply to the
fly ash from the Mundra thermal power stations, to the chemical process wastes from the Gandhidham and
Anjar industrial estates, and to any other waste with hazardous properties. The rules require generators to
obtain authorisation from the GPCB, maintain waste registers, ensure proper storage and labelling, and
dispose of waste only through GPCB-authorised facilities. The 2022 CAG audit's documentation of
systematic non-compliance by major industrial actors underscores the need for stronger enforcement of
these rules in the Kutch industrial corridor.

9.5 Smart Cities Mission and AMRUT

While Bhuj and Gandhidham are not among the 100 smart cities selected under India's Smart Cities Mission,
they benefit from the Atal Mission for Rejuvenation and Urban Transformation (AMRUT) which focuses
on basic infrastructure including solid waste management in 500 cities. AMRUT funding has supported
solid waste management infrastructure upgrades in select Gujarat cities, and Kutch's municipalities have
accessed state and national grants for vehicle procurement, waste processing infrastructure, and human
resource development under various government scheme frameworks.

10. Recommendations for Improved Solid Waste Management in
Kutch

Based on the analysis of Kutch's solid waste problem and the available tools for addressing it, the following
strategic recommendations emerge for improving solid waste management in the district.

The most urgent priority is the engineering and commissioning of sanitary landfills for the Bhuj and
Gandhidham clusters, replacing the existing open dumpsites. These engineered facilities must have HDPE
liner systems, leachate collection and treatment, gas extraction infrastructure, and formal closure planning.
The dumpsite near Meghpar must be capped, monitored for leachate migration, and the affected area
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remediated. Under SBM 2.0, national and state funding is available for this transition, but local political
will and technical capacity-building are prerequisites.

Source segregation must be made enforceable with consequences, not merely aspirational. Successful
Indian cities like Indore and Surat have demonstrated that consistent enforcement — including fines for
mixed waste disposal — drives citizen behaviour change. A city-wide segregation campaign in Bhuj and
Gandhidham, backed by separate wet and dry collection vehicles, ward-level composting units for organic
waste, and a functional materials recovery facility for dry recyclables, would dramatically reduce the waste
requiring landfill disposal.

The fly ash management crisis at Mundra demands immediate regulatory attention. The GPCB must enforce
compliance with the Fly Ash Notification, requiring Adani Power and Tata Power to: maximise fly ash
utilisation in Kutch's cement plants, road construction, and brick manufacturing; ensure that all residual fly
ash is disposed of in properly engineered and authorised ash ponds with HDPE liners and groundwater
monitoring; and remediate the illegally dumped ash in low-lying areas identified by the CAG audit.

Bio-gas and composting systems at the village level, funded through the GOBAR-Dhan scheme, could
transform Kutch's rural organic waste — and its enormous livestock dung resource — into clean cooking
fuel and organic fertiliser. This decentralised approach is well-suited to Kutch's dispersed rural population
and could meaningfully reduce both open waste burning and dependence on chemical fertilisers in
agricultural areas.

Formalising and integrating Kutch's informal waste picker workforce into the official SWM system — with
identity cards, health insurance, safety equipment, and fair wages — would improve both the efficiency of
material recovery and the lives of one of the most economically marginalised groups in the district. Cities
like Pune (through the SWACH cooperative) and Ahmedabad have demonstrated the feasibility and social
value of this approach.

11. Conclusion

Solid waste management in Kutch encapsulates, with particular clarity, the paradox of India's development
moment: extraordinary economic growth generating extraordinary quantities of waste, in a region whose
natural and administrative capacity to absorb that waste has been entirely overwhelmed. The district that
produces India's largest concentration of thermal power, one of its largest cement production clusters, and
its biggest private port also produces millions of tonnes of fly ash, chemical waste, and construction debris
annually, alongside the more familiar municipal garbage of its growing urban population.

The consequences of this solid waste crisis are felt most keenly by the communities that had the least say
in the industrial decisions that created it — the farming families near Mundra whose date palms died under
fly ash deposits, the women of Meghpar village who spent years fighting the Gandhidham municipality's
illegal dumpsite at their doorstep, the fishing communities of the Gulf coast watching plastic waste and fly
ash accumulate in their mangroves and fishing grounds.
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The tools to address this crisis exist — the SWM Rules 2016, the SBM framework, the cluster-based
regional infrastructure model, EPR, composting, sanitary landfilling, fly ash utilisation in construction,
biogas generation, and the formalisation of waste picker livelihoods. What is required is the translation of
these policy instruments into on-the-ground realities through sustained investment, rigorous enforcement,
genuine community participation, and accountability at every level from the individual household to the
largest industrial corporation.

For students studying environmental science in Kutch and Gujarat, this case study is not an abstract exercise.
The dumpsite, the fly ash, the plastic-choked creek, and the methane rising from fermenting organic waste
are all visible in the landscape around you. Understanding their causes, their consequences, and their
solutions — and connecting that understanding to practical action in your own community — is the essential
purpose of environmental education.
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BIO-MEDICAL WASTE

Generation & Management

Classify bio-medical waste | Differentiate infectious and non-infectious waste | ldentify sources of bio-
medical waste

Section 1: Learning Objectives

By the end of this module, students will be able to:

1. Classify bio-medical waste into standard categories as per BMW Management Rules 2016.

2. Differentiate between infectious and non-infectious bio-medical waste based on nature, source, and risk
potential.

3. ldentify primary, secondary, and tertiary sources of bio-medical waste generation in healthcare settings.
4. Evaluate appropriate treatment and disposal methods for each waste category.
5. Collect, interpret, and present real-world bio-medical waste generation data from a hospital.

1.1 What is Bio-Medical Waste?

Definition — BMW Management Rules, 2016 (India)

Any waste generated during the diagnosis, treatment or immunisation of human beings or animals, or in research
activities pertaining thereto, or in the production or testing of biological products. This includes solid, liquid, and
pathological wastes from hospitals, clinics, laboratories, and research facilities.

Key facts about bio-medical waste in India:
« India generates approximately 600 tonnes of bio-medical waste per day.
»  Less than 30% of this waste is properly treated and disposed of.
» Improper disposal poses significant risks to public health and the environment.
«  All healthcare facilities — regardless of size — must register with the State Pollution Control Board (SPCB).

Section 2: Sources of Bio-Medical Waste

2.1 Primary, Secondary & Tertiary Generators

Generator Type Examples Waste Generated
Primary Hospitals, Nursing Homes, ICUs, OTs, Labour Sharps, blood, dressings, body fluids,
Rooms, Dialysis Centres anatomical waste
Primary Diagnostic Laboratories (Pathology, Microbiology) | Cultures, specimens, slides, reagents,
contaminated materials
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Generator Type Examples Waste Generated

Secondary Clinics, Dispensaries, Dental Clinics Syringes, dressings, expired medicines
(smaller quantities)

Secondary Veterinary Hospitals Animal blood, body parts, contaminated
bedding, vaccines

Secondary Research Institutions / Biotech Labs Animal carcasses, cell cultures,
recombinant DNA, radioactive waste

Tertiary Home Healthcare Insulin syringes, dialysis waste, wound

dressings — often improperly disposed

2.2 Colour-Coded Waste Classification (BMW Rules, 2016)

India mandates a 4-colour segregation system at the point of generation. Mixing categories is a legal violation.

Colour Waste Type Examples Infectious? Disposal Method
YELLOW Anatomical, pathological, Body parts, placenta, Yes Incineration / Deep
pharmaceutical, cytotoxic, expired drugs, specimens Burial
chemical
RED Contaminated recyclable (non- | IV tubing, catheters, Yes Autoclave — Shredder
sharp) syringes without needles, — Recycling
blood bags, gloves
BLUE Glassware, metallic implants Glass slides, vials, Maybe Autoclave — Recycler
ampoules, scalpels, metallic
implants
WHITE Sharps — used and unused Needles, syringes with Yes Needle Destroyer —
needles, lancets, surgical Autoclave
blades

2.3 Infectious vs Non-Infectious Bio-Medical Waste

and public

Parameter Infectious Waste Non-Infectious Waste
Definition Contains pathogens in sufficient concentration Does not pose infection risk; resembles
to cause disease municipal solid waste
Risk Level HIGH — risk to healthcare workers, handlers, LOW — can sometimes be treated as ordinary

waste

Colour Coding

Yellow, Red, White bags/containers

Black bag (general waste stream)

Examples Blood-soaked dressings, cultures, sharps, body | Packaging cardboard, paper, non-contaminated
fluids, pathological waste food waste, flowers, admin waste
Treatment Mandatory special treatment before disposal Regular municipal collection (if truly non-

infectious)
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Section 3: Treatment & Disposal Methods

The treatment method must match the waste category. Using an incorrect method is both legally non-compliant and
potentially hazardous.

3.1 Incineration

Method: Thermal Destruction

High-temperature combustion (800-1200°C) destroys pathogens, reduces volume to ash and gases. Required for
anatomical, pathological, and cytotoxic waste.

»  Two-chamber design: primary chamber (650°C) and secondary chamber (1050°C)
* Requires pollution control devices — bag filters and wet scrubbers

* NOT suitable for halogenated plastics (PVVC) — produces dioxins and furans

»  Applicable to: Yellow bag waste — anatomical, pharmaceutical, cytotoxic waste

3.2 Autoclaving (Steam Sterilisation)

Method: Moist Heat Sterilisation

Uses saturated steam under pressure (121-134°C, 15-30 psi) to sterilise waste. Most widely used method
globally — cost-effective with no toxic emissions.

« Kills all vegetative bacteria, viruses, fungi, and most spores

» Validated using Bowie-Dick test and biological indicators (Geobacillus stearothermophilus)
«  After autoclaving, waste can be shredded and sent to municipal disposal

«  Applicable to: Red bag waste, microbial cultures, sharps (after needle destruction)

3.3 Chemical Disinfection

Method: Chemical Inactivation

Treatment with disinfectants (1% sodium hypochlorite, glutaraldehyde, formaldehyde) to inactivate pathogens.
Primarily used for liquid infectious waste.

* 1% sodium hypochlorite (bleach) is standard for liquid infectious waste

*  Minimum contact time: 30 minutes for effectiveness

»  Used in laboratories for culture media, blood spills, and specimen containers
«  Applicable to: Liquid waste, lab specimens, blood-contaminated liquid waste

3.4 Microwave Treatment

Method: Microwave Irradiation

Uses microwave radiation (2450 MHz) with steam to decontaminate waste. Environmentally cleaner than
incineration. Waste is shredded, moistened, and irradiated.

* Requires waste to have at least 50% moisture content for efficacy
»  Not suitable for large metal objects or chemical/radioactive waste
»  Typical treatment cycle: 98°C maintained for 30 minutes
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« Applicable to: Microbiological waste, blood products, sharps

3.5 Deep Burial / Secured Landfill

Method: Land Disposal

Burial of treated or specific untreatable waste in designated secured landfills. Only permitted where incineration
is unavailable and only for specific waste types under BMW Rules.

»  Pit must be at least 2 metres deep, lined with impermeable material

* Not permitted near water bodies or densely populated areas

» Restricted to anatomical waste (placenta, body parts) at facility level in remote/rural settings
« Applicable to: Yellow bag anatomical waste — ONLY where incineration is not available

3.6 Shredding & Needle Destruction

Method: Mechanical Destruction

Needle destroyers and shredders mutilate items to prevent re-use. Always performed AFTER sterilisation —
never before.

* Needle destroyers use electrical resistance (heat) to melt and destroy the needle tip
« Shredded waste is unrecognisable and cannot be re-used or re-sold

»  This step ALWAYS follows autoclaving — shredding alone does not sterilise

» Applicable to: Sharps, syringes, plastic red bag waste (post-autoclave)

Section 4: Hospital Waste Generation Data

Sample dataset for a 300-bed district government hospital. Data represents average daily figures collected over one
calendar month.

4.1 Summary Statistics

Indicator Value

Total beds 300

Total waste generated per day 852 kg/day

Waste generation rate 2.84 kg/bed/day
Infectious bio-medical waste 198 kg/day (23.2%)
Hazardous (pharmaceutical/chemical) 48 kg/day (5.6%)
Non-infectious / general waste 578 kg/day (67.8%)
Glassware / metallic (Blue category) 28 kg/day (3.3%)
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4.2 Waste Category Breakdown

Waste Category Colour Code Qty (kg/day) % of Total Infectious?
General / Domestic-type waste Black bag 578 67.8% No
Infectious soft waste (dressings, RED 108 12.7% Yes
gloves, 1V sets)
Anatomical / Pathological waste YELLOW 52 6.1% Yes
Sharps (needles, blades, lancets) WHITE 38 4.5% Yes
Pharmaceutical / Cytotoxic waste YELLOW 36 4.2% Hazardous
Glassware / Metallic implants BLUE 28 3.3% Maybe
Chemical / Laboratory waste YELLOW 12 1.4% Hazardous
TOTAL — 852 100% —

4.3 Department-wise Infectious Waste Generation
Department Sharps (kg/d) (Slg;; dl)nfectious Anatomical (kg/d) ngc;)BMW
Surgery & OT 12 34 22 68
Obstetrics & Gynaecology 6 18 18 42
Medicine (IPD) 8 22 4 34
Casualty / Emergency 5 14 3 22
Pathology Lab 3 6 2 11
OPD 2 8 1 11
ICU 2 6 2 10
Others — — — 75
TOTAL 38 108 52 273

Note: Surgery & OT generates the highest infectious BMW (68 kg/day), followed by Obstetrics & Gynaecology (42

kg/day). Together they account for over 40% of all infectious BMW generated.

References & Regulatory Framework
+  Bio-Medical Waste Management Rules, 2016 (amended 2018 & 2019) — Ministry of Environment, Forest and

Climate Change, Government of India
«  Central Pollution Control Board (CPCB) — Guidelines for Management of Healthcare Waste

»  World Health Organization (WHO) — Safe Management of Wastes from Health-care Activities (2nd edition)

»  Environment (Protection) Act, 1986 — Government of India

«  NABH Standards for Bio-Medical Waste Management in Accredited Hospitals
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E-Waste Generation and Management

A Deep Researched Case Study

1. Introduction

Electronic waste (e-waste) refers to discarded electrical and electronic devices such as
computers, mobile phones, televisions, and household appliances. With rapid technological
advancements and increasing consumer demand, e-waste has become one of the fastest-
growing waste streams globally. India ranks among the top e-waste generating countries, with
urban centers and academic institutions contributing significantly. Proper management of e-
waste is essential to prevent environmental degradation and health hazards.

2. Sources and Types of E-Waste

« Institutional Sources: Universities, offices, IT companies (obsolete computers, servers,
printers).

* Household Sources: Mobile phones, televisions, refrigerators, washing machines, small
appliances.

* Industrial Sources: Manufacturing units, medical equipment, telecom devices.

Categories: Large appliances, small appliances, IT/telecom equipment, consumer electronics,
medical/lab equipment.

3. Environmental Impacts

» Soil contamination from heavy metals such as lead, cadmium, and mercury.
» Water pollution from chemical leaching into groundwater.
* Air pollution caused by the open burning of plastics and circuit boards.

* Resource loss: massive amounts of unrecovered precious metals (gold, silver, copper).

4. Health Impacts

* Respiratory issues resulting from inhalation of toxic fumes during informal recycling.



* Neurological damage, especially in children, from lead and mercury exposure.
* Increased cancer risks stemming from exposure to carcinogenic compounds.

* Severe occupational hazards for informal sector workers lacking protective gear.

5. Case Study: Academic Institute in Gujarat

A mid-sized engineering institute generates approximately 200 computers, 150 mobile
phones, and 50 lab devices annually as e-waste. Currently, most of these electronics are
stored in storerooms without structured disposal mechanisms. Informal recycling through
local scrap dealers is common practice due to limited awareness among students and staff.
This unregulated disposal carries significant risks, including soil and groundwater
contamination, localized health hazards, and missed opportunities for formal resource
recovery.

6. Objectives Linked to CO3

» Classification of e-waste categories according to standardized guidelines.
» Understanding the environmental and health impacts of improper disposal.

* |[dentifying and tracking sources of e-waste within the institute.

7. Recommendations

* Establish a dedicated, secure campus e-waste collection center.
* Partner exclusively with authorized and certified e-waste recyclers.
» Conduct routine awareness workshops for students, faculty, and administrative staff.

» Implement a strict inventory tracking system for all electronic assets from procurement to
end-of-life.

» Encourage reuse and refurbishment of functional devices before categorizing them as waste.

* Ensure full compliance with India’s E-Waste (Management) Rules, 2022.

8. Conclusion

E-waste management is both a regulatory requirement and a profound moral responsibility.
Academic institutes must lead by example by demonstrating safe disposal methods, raising



awareness, and adopting sustainable practices. Proper classification, thorough impact analysis,
and accurate source identification will minimize risks while actively promoting circular economy
principles.
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5. Case Study: Green Building in Kutch Region

This section presents a detailed, integrated case study of green building in the Kutch region, examining both
the real-world context and a proposed model green building — the Kutch Sustainable Community Centre —
designed to the principles of LEED, IGBC, GRIHA, and TERI guidelines.

5.1 Context: Kutch's Renewable Energy Potential as a Green Building Driver

Kutch has emerged as one of India's most significant hubs for renewable energy, which directly supports green
building practice in the region. The Khavda Hybrid Renewable Energy Park, located near Vighakot village in
Kutch district approximately 10 km from the India-Pakistan border, is being developed as the world's largest
hybrid renewable energy park. Spread across 726 square kilometres of barren Rann land, the park is planned to
generate 30 GW of clean energy, enough to power approximately 18 million homes.

This vast renewable energy infrastructure creates a unique opportunity for green buildings in Kutch: the
availability of abundant, low-cost clean electricity makes net-zero energy buildings a practical reality in this
region. Adani Green Energy Limited (AGEL), the primary developer, has committed to waterless robotic
cleaning systems for the solar panels — directly addressing Kutch's water scarcity — and has set goals for water
neutrality, zero waste to landfill, and a plastic-free operational footprint.

The park is expected to avoid 58 million tons of CO2 emissions and is equivalent to removing 12.6 million cars
from roads — a transformational intervention in the region's environmental profile.

5.2 Proposed Green Building Model: Kutch Sustainable Community Centre, Bhuj

The following case study describes a proposed model green building — the Kutch Sustainable Community
Centre (KSCC) in Bhuj — designed to demonstrate how all principles of green building can be applied in the
context of Kutch's climate, culture, and resources. This building is conceived as a community hub providing
public services, a library, a skill development centre, and an exhibition space for Kutchi crafts.

Project Parameter Detail
Project Name Kutch Sustainable Community Centre (KSCC)
Location Bhuj, Kutch District, Gujarat, India
Typology Public / Institutional — Community Centre with mixed-use program
Built-up Area Approx. 3,500 sg. m. (Ground + First Floor)
Target Rating GRIHA 5 Star + IGBC Gold (Green New Building)
Climate Zone Hot and Dry (Composite Zone 5 as per NBC)
Design Team Local architects + TERI consultants + IGBC accredited professionals
Target Energy Performance >50% reduction in energy use vs. ECBC baseline; Net-zero by Year 5
Target Water Performance Zero net water use (100% rainwater harvesting + greywater recycling)
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5.3 Site Planning and Landscape

Orientation: The building is oriented with its long axis along the East-West direction to minimise direct
solar radiation on the north and south facades while maximising the use of indirect northern light for
interior daylighting.

Shading Devices: Deep chajjas (horizontal overhangs) of 1.2 m projection are provided on all south
and west-facing windows to prevent direct summer sun penetration while allowing winter sun in.
Landscape: Indigenous drought-tolerant plants such as Khejri (Prosopis cineraria), Babool (Acacia
nilotica), and Keekar are used for landscaping. No irrigated lawn is provided; instead, gravel ground
cover with xeriscaping reduces irrigation demand to near zero.

Stormwater Management: A network of swales and percolation pits channels all rainfall into the
building's 500,000-litre underground rainwater storage cistern.

Sustainable Location: The site is within 500 m of two public bus routes and within the Bhuj urban area,
discouraging private vehicle use and promoting walkability.

5.4 Building Envelope Design

Walls: 450 mm thick cavity walls using locally quarried Kutchi Porcellaneous limestone as the outer
layer, with a 75 mm air cavity and inner lime plaster. This gives a U-value of approximately 0.45
W/mz2K, far below the ECBC maximum of 0.75 W/mz2K.

Roof: A traditional Kutchi sloped tiled roof is combined with a 200 mm blown rock-wool insulation
layer, achieving a U-value of 0.22 W/m2K. White reflective roof tiles further reduce the Urban Heat
Island effect.

Windows: Double-glazed windows with a heat-reflective low-e coating (SHGC 0.25, U-value 1.8
W/m2K) are used on south and west facades. On the north facade, clear glass maximises daylight
without solar heat gain.

Thermal Mass: Exposed stone masonry on interior walls stores heat from the day and releases it slowly
at night, stabilising indoor temperatures and reducing the need for mechanical cooling.

Wind Towers (Baoli-inspired): Inspired by the traditional wind-catcher towers of Rajasthan and Kutch,
the building features two passive wind towers on the north face that capture prevailing cool northerly
winds, pre-cool them, and distribute them through the main public hall.

5.5 Energy Systems

Rooftop Solar PV: 350 kWp of rooftop solar photovoltaic panels are installed on the south-facing
sloped roof sections, generating an estimated 525,000 kWh of electricity per year — exceeding the
building's projected annual consumption of 480,000 kWh.

Solar Hot Water: 60 sq. m. of evacuated tube solar collectors provide 100% of the building's hot water
requirement for toilets and pantries.

LED Lighting throughout: Luminous efficacy >130 Im/W; daylight sensors and occupancy sensors
reduce lighting energy by a further 35%.

Energy-Efficient HVAC: The community centre's main hall relies entirely on passive cooling (wind
towers + thermal mass + natural ventilation). Only the library reading room and digital skill lab use
split air conditioners with a 5-star BEE rating and a COP of >4.5.

Smart Building Management System (BMS): Real-time monitoring of energy consumption by zone
enables active management and reduces wastage.

5.6 Water Management
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Rainwater Harvesting: All roof area (2,400 sg. m.) drains to a centralised first-flush diverter system
that feeds a 500,000-litre underground RWH tank. Even Kutch's modest 350 mm average rainfall yields
approximately 840,000 litres per year — sufficient for all non-potable uses.

Greywater Recycling: Wastewater from sinks and ablution is treated in a compact constructed wetland
(phytoremediation system) in the courtyard garden and recycled for toilet flushing and landscape
irrigation.

Water-Efficient Fixtures: All taps use aerators (flow rate <6 l/min), toilets have dual-flush cisterns (3/6
litres), and urinals are waterless — reducing per capita water consumption by over 50% compared to
conventional fixtures.

No ornamental water features or irrigated lawn — all landscape water from recycled greywater only.

5.7 Materials and Construction

Local Stone: 75% of structural masonry uses Kutchi limestone quarried within 50 km of the site,
supporting the local economy and minimising transport emissions.

Stabilised Earth Blocks: Internal partition walls are built from Compressed Stabilised Earth Blocks
(CSEB) manufactured by local artisans trained by the Hunnarshala Foundation — the same technology
used in post-earthquake reconstruction.

Recycled Aggregate: 30% of concrete aggregate is replaced by recycled material from the 2001
earthquake demolition rubble, which has been processed and certified for structural use.

Low VOC Materials: All paints, adhesives, and sealants have zero or low VOC content, maintaining
excellent indoor air quality.

Certified Timber: All timber used (doors, windows, furniture) is sourced from FSC-certified or
reclaimed sources — no new tropical hardwood.

Fly Ash Cement: OPC concrete is partially replaced with fly ash concrete (30% FA replacement),
reducing the embodied carbon of the structure by approximately 20%.

5.8 Indoor Environmental Quality

Daylighting: Computer simulation (using climate data for Bhuj, Latitude 23.25°N) ensures that 85% of
regularly occupied floor area achieves a Daylight Factor >2%, eliminating the need for artificial lighting
during daytime hours.

Natural Ventilation: Cross-ventilation is achieved through a carefully designed layout with opposing
openings and wind towers, maintaining CO2 levels below 800 ppm without mechanical ventilation in
the main hall.

Thermal Comfort: Operative temperature in the main hall is maintained within 3°C of the ASHRAE 55
adaptive comfort model range for 95% of occupied hours without mechanical cooling.

Acoustic Comfort: 75 mm thick felt insulation panels on internal walls of the library and skill lab
maintain background noise levels below 35 dB(A).

View to Nature: 90% of occupied spaces have direct views to the courtyard garden or the surrounding
Kutchi landscape, supporting occupant well-being.
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6. Performance Summary and Rating Scorecard

The following table summarises the projected performance of the Kutch Sustainable Community Centre against
GRIHA and IGBC benchmarks:

Performance Indicator Conventional KSCC (Proposed) Saving
Building
Energy Use Intensity (EUI) 220 kWh/mz/yr 85 kWh/ma/yr ~61%
Solar Energy Generated Nil 525,000 kWh/yr Net Positive
Water Consumption 45 |/person/day 18 I/person/day ~60%

Rainwater Harvested Nil 840,000 l/yr 100% non-potable
CO2 Emissions ~135 tons/yr ~12 tons/yr (residual) ~91%
Construction Waste to | 100% <10% (90% recycled) ~90%

Landfill

Daylighting (%o of floor area) | 30% 85% +55%

Local Material Content <15% >75% +60%

Green Roof / Landscape Area | 0% 35% of site area New green cover

7. Challenges and Opportunities in Kutch

7.1 Challenges

» Extreme Climate: Designing for Kutch's dual extremes — scorching summers above 45°C and cold

winters — requires sophisticated passive design that must be carefully balanced.

Water Scarcity: With one of the lowest per capita water availabilities in India, green buildings must
achieve near-zero net water consumption. This requires significant upfront investment in rainwater
harvesting and recycling infrastructure.

Seismic Risk: All buildings in Kutch must comply with IS 1893 (Zone V seismic design) — this adds
structural complexity and cost that must be integrated with green building design from the outset.
Limited Skilled Labour: While local artisans have excellent traditional knowledge, there is a shortage

of IGBC-accredited green building professionals and contractors trained in modern sustainable
construction techniques in Kutch.

Higher Initial Costs: Green buildings typically carry 5-15% higher upfront construction costs, which
can deter developers in a relatively low-income region like Kutch.

Awareness Gaps: Many local developers, government agencies, and communities are unaware of the
long-term cost savings and health benefits of green buildings.
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7.2 Opportunities

World-Class Solar Resource: Kutch's 2,060 kWh/m2 annual solar irradiation makes rooftop solar PV
one of the most financially attractive investments anywhere in India — net-zero energy buildings are
economically viable.

Rich Vernacular Tradition: The Bhunga and other traditional Kutchi building forms provide a proven,
culturally resonant, and climatically appropriate model for green building design.

Post-Earthquake Rebuilding Legacy: The work of Hunnarshala Foundation has already demonstrated
that sustainable, community-built architecture is feasible and scalable in Kutch.

Industrial Growth: The rapid industrial development of Mundra and Gandhidham SEZs creates demand
for green factory buildings and green logistics parks — IGBC Green Factory Buildings and Green
Logistics Park ratings are directly applicable.

Government Policy Support: Gujarat's progressive renewable energy policy and the national Green
Building Initiative create a supportive regulatory environment for green building adoption.

Tourism Potential: Eco-tourism is growing rapidly in Kutch (Rann Utsav, wildlife sanctuaries, crafts
tourism). Green buildings for hospitality — lodges, resorts, cultural centres — that celebrate Kutchi
architecture are a high-value opportunity.

8. Comparison of Rating Systems in the Kutch Context

Aspect LEED IGBC GRIHA TERI
Origin USA (USGBC) India (CII) India (Govt.) India (Research)
Climate Suitability | Moderate (US-origin, adapted) | High (India-specific) Very High | Very High
for Kutch (Indian climates) | (research-based)
Focus Global benchmark All typologies in India National standard | Research & policy
Certification Certified/Silver/Gold/Platinum | Certified/Silver/Gold/Platinum | 1 to 5 Stars No direct
Levels certification
Best for Kutch | Commercial/Industrial All typologies All typologies Research &
Typology advisory
Local Material | Yes (Regional Priority) Yes (prominent) Yes (strong | Yes (research
Credit emphasis) support)

Passive Design | Moderate High Very High Very High
Emphasis

Water Focus in | Good Very Good Excellent Excellent

Arid Zones (research)

9. Conclusion

This case study has demonstrated that green building in the Kutch region is not only feasible but uniquely
compelling. The region's traditional vernacular architecture — exemplified by the Bhunga dwelling — already
embodies all the fundamental principles of modern green building: passive cooling, local materials, seismic
resilience, minimal water use, and zero waste construction. These lessons, far from being obsolete, offer a

culturally grounded, climate-appropriate foundation for contemporary sustainable architecture in the region.
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The four rating organisations — LEED, IGBC, GRIHA, and TERI — provide complementary frameworks that,
together, can guide the development of high-performance green buildings suited to Kutch's extreme climate and
unique conditions. GRIHA, being India's national system developed by TERI, is most directly aligned with the
region's climate and building culture. IGBC's diverse range of rating programs covers every typology relevant
to Kutch, from housing to industry. LEED provides an internationally recognised benchmark for large
commercial and industrial projects. And TERI, as the primary research body, supplies the scientific evidence
and policy framework that makes all these systems effective.

The proposed Kutch Sustainable Community Centre demonstrates that a 61% reduction in energy use, a 60%
reduction in water consumption, and a 91% reduction in carbon emissions are achievable — while using
primarily local materials, celebrating local craft traditions, and contributing to the economic development of
the region. With Kutch's world-class solar energy potential, post-earthquake reconstruction wisdom, and the
support of organisations like IGBC, GRIHA, and TERI, the region is uniquely positioned to become a national
model for sustainable architecture.

The challenge for students, architects, engineers, and policymakers is to translate this potential into built reality
— building by building, community by community, one green structure at a time.
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CASE STUDY: CONCEPT OF 4R — REDUCE, REUSE, RECYCLE, RECOVER

4. CASE STUDY 1 — 4R FOR EFFECTIVE SOLID WASTE

MANAGEMENT

4.1 Case Overview: Pune Municipal Solid Waste Management — India

Parameter Details
Location Pune, Maharashtra, India
Population ~3.5 million (urban core); ~7.2 million (metropolitan area)

Waste Generated

~2,100 tonnes per day (TPD)

Challenge Period

1990s—2000s: Rapid urbanization and landfill crisis

Intervention Period

2000—present (ongoing)

Lead Agency

Pune Municipal Corporation (PMC) + SWaCH Cooperative

Framework Applied

4R Hierarchy + Community Decentralization

4.2 Background: The Waste Crisis in Pune

Through the 1990s and early 2000s, Pune faced a severe municipal solid waste crisis. The city's sole landfill — the
Uruli Devachi dumping ground — was receiving over 1,400 TPD of untreated mixed waste and had reached critical
capacity. Open burning was prevalent, groundwater contamination was documented in surrounding villages, and

waste pickers — among the city's most vulnerable populations — operated in dangerous, unregulated conditions

without health protection, fair wages, or social recognition.

By 2005, public health advocacy groups, environmental scientists, and municipal officials recognized that the
landfill-centric waste management model was unsustainable. A comprehensive strategy integrating all four R

principles was developed, aligning with India's Municipal Solid Waste (Management and Handling) Rules, 2000

and later the Solid Waste Management Rules, 2016.

4.3 Application of 4R Principles in Pune

4.3.1 Reduce — Source-Level Interventions

Pune initiated a citywide campaign to reduce the generation of solid waste through policy, market interventions,

and community mobilization. Key measures included:

» Plastic Ban (2018): Pune enforced Maharashtra's ban on single-use plastic bags, cups, and disposable

cutlery, leading to an estimated 15-20% reduction in plastic waste in the MSW stream.




Bulk Generator Regulations: Hotels, restaurants, housing societies, and commercial establishments
generating more than 100 kg of waste per day were mandated to manage their own organic waste on-site.
Non-compliance attracted fines.

Zero Waste Events Policy: PMC introduced guidelines for public events, festivals (including the massive
Ganesh Chaturthi), and markets to minimize disposable materials and maximize on-site collection
segregation.

Green Procurement: Municipal offices adopted policies preferring refillable, durable, and minimal-
packaging products, reducing the city's own waste footprint.

4.3.2 Reuse — Formalization of the Informal Economy

One of Pune's most celebrated innovations was the formalization and empowerment of waste pickers through the

SWaCH (Solid Waste Collection and Handling) cooperative, established in 2008 in partnership with PMC.

SWaCH employs approximately 4,000 waste pickers, predominantly women from low-income
communities, who perform doorstep waste collection across 500+ collection routes.

The cooperative operates dedicated reuse centers where items such as furniture, electronics, toys, utensils,
and clothing are collected, sorted, cleaned, repaired where necessary, and resold at subsidized prices.
Industrial reuse is facilitated through partnerships with local manufacturers who accept sorted non-

recyclable plastics and textiles as raw material for processing.

A 'Donate-Don't-Dump' initiative encourages residents to deposit functional but unwanted items at
community kiosks rather than discarding them in garbage bins.

4.3.3 Recycle — Processing Segregated Waste

Decentralized composting and materials recovery became the cornerstone of Pune's recycling strategy:

Decentralized Composting: Over 600 residential societies have installed in-vessel composters or aerobic
composting units processing organic kitchen waste on-site, producing approximately 200 TPD of compost
used in gardens and urban agriculture.

Centralized Compost Plants: PMC operates three centralized composting facilities at Hadapsar, Ramtekdi,
and Bhekrai Nagar, collectively processing over 400 TPD of segregated organic waste.

Dry Waste Collection Centers (DWCCs): 45 DWCCs distributed across city wards serve as aggregation
and primary processing points for paper, metal, glass, and plastic. Material is sorted by grade and sold to
authorized recyclers.

E-Waste Drives: Quarterly e-waste collection camps facilitate safe dismantling and certified recycling of
obsolete electronics, preventing hazardous metals from entering landfills.
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4.3.4 Recover — Waste-to-Energy and Landfill Gas
For the residual fraction of waste that cannot be reduced, reused, or recycled, Pune implemented recovery

mechanisms:

» Biomethanation Plant (Sinhagad Road): A biogas plant processes mixed organic waste from markets,
producing biogas piped to 500 nearby households for cooking fuel, replacing LPG consumption.

» RDF Production: Residual non-recyclable dry waste is shredded and pelletized into Refuse-Derived Fuel
supplied to a cement plant in Pune district, with an offtake capacity of 300 TPD, replacing coal in kiln
operations.

« Landfill Remediation: The legacy Uruli Devachi landfill is undergoing bio-mining — a process of
excavating, screening, and recovering residual materials — reducing the active landfill footprint by 40%.

4.4 Measurable Outcomes and Impact Assessment

Indicator Achievement

Waste Diverted from Landfill 65-70% of total MSW (up from <10% pre-intervention)

Organic Waste Composted 600+ TPD processed through centralized and decentralized units

RDF Produced ~300 TPD supplied to cement industry (replaces ~50,000 tonnes
coal/year)

Waste Pickers Formalized 4,000+ workers integrated into formal SWaCH cooperative

Income Improvement Average waste picker income increased by 40—60% post-formalization

Carbon Emission Reduction Estimated 35,000 tCO2e reduction per year through integrated 4R
strategy

Plastic in MSW Reduced by 18% following single-use plastic ban enforcement

Community Composting Units 600+ installed in residential societies across the city

Pune's SWaCH cooperative received the UN Habitat Scroll of Honour in 2016,
AWARD recognizing it as one of the world's most innovative urban waste management models
integrating social equity with environmental sustainability.

4.5 Lessons Learned from Pune's 4R Implementation
« Community participation is non-negotiable: Door-to-door segregated collection achieved 80%+

compliance only because waste pickers built trusted relationships with households over years.

» Integrating informality into formal systems — rather than displacing it — produces superior social and

environmental outcomes.




Financial mechanisms (user fees, bulk generator charges, RDF revenue) are critical for long-term
operational sustainability.
Decentralization of composting dramatically reduces transportation costs and carbon footprint while

producing locally usable compost.

Policy continuity across political cycles is essential; Pune's success spans multiple municipal
administrations due to institutionalized SWaCH.
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CASE STUDY

GREEN HYDROGEN

The Fuel of the Future — Technology, Systems & Global Applications

Production Storage Transport Applications

1. Executive Summary

Green hydrogen (GH2) is rapidly emerging as a cornerstone of the global clean energy transition. Produced
exclusively through the electrolysis of water powered by renewable electricity, it offers a zero-carbon energy
carrier with broad applicability across industrial, transportation, and power sectors. Unlike grey or blue
hydrogen — which rely on fossil fuel feedstocks — green hydrogen generates no direct carbon emissions,
positioning it as a critical enabler in achieving net-zero targets by 2050.

This advanced case study provides a comprehensive technological and systems-level analysis of green
hydrogen, covering: electrolysis technologies, renewable energy integration, storage and distribution
infrastructure, techno-economic assessment, global case studies, and future outlook. It is designed to serve as
a rigorous academic and engineering reference, aligned with Course Outcome COS5.

Key Insight

The International Energy Agency (IEA) projects that green hydrogen could meet up to 10% of global energy
demand by 2050, requiring over 3,000 GW of dedicated electrolyzer capacity worldwide — a 1,000x scale-
up from current installations.

2. Introduction to Green Hydrogen

2.1 The Hydrogen Color Spectrum

Hydrogen is the most abundant element in the universe, but it rarely exists in its pure molecular form (H2) on
Earth. Industrial hydrogen production is classified by the energy source and emissions profile involved:
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Grey Hydrogen Steam Methane Reforming (SMR) ~10 kg CO2/kg H2

Blue Hydrogen SMR + Carbon Capture (CCS) ~2-4 kg CO2/kg H2
Turquoise Hydrogen Methane Pyrolysis Solid carbon (low GWP)
Pink/Purple Hydrogen Nuclear-powered Electrolysis Near-zero

Green Hydrogen Renewable-powered Electrolysis ~0 kg CO2/kg H2

Green hydrogen stands alone as a genuinely carbon-free energy carrier when the full lifecycle is considered,
assuming the electricity used for electrolysis comes entirely from renewable sources such as wind, solar, or
hydropower.

2.2 Why Green Hydrogen Now?

Several converging technology and policy trends make this decade pivotal for green hydrogen development:

» Rapidly falling renewable electricity costs (solar PV down ~90% since 2010, wind down ~70%)

« Declining electrolyzer CAPEX: from ~$1,200/kW (2020) to projected ~$200/kW by 2030

» Growing climate policy pressure: 130+ countries have net-zero targets

» Industrial decarbonization needs in sectors where direct electrification is impractical (steel, ammonia,
aviation, shipping)

» Energy security and geopolitical motivation to diversify energy supply chains

3. Green Hydrogen Production Technologies

Water electrolysis is the core process for green hydrogen production. An electrolyzer uses electrical energy to
split water (H20) into hydrogen (H2) and oxygen (O2) according to the fundamental electrochemical reaction:

Core Electrochemical Reaction
2H20 () —» 2H2(g)+02(g) | AG°=+237.1kJ/mol At the cathode (reduction): 2H20 + 2¢~ — H2
+ 20H" At the anode (oxidation): 4OH™ — O2 + 2H20 + 4e”

3.1 Alkaline Water Electrolysis (AWE)

AWE is the most mature and commercially deployed electrolyzer technology, with operational history
spanning over 100 years. It uses a concentrated KOH or NaOH liquid electrolyte (25-30 wt%).

»  Operating temperature: 60—80°C
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»  Current density: 200400 mA/cm2

»  System efficiency: 62—-82% (LHV basis)

« CAPEX: $500-1,000/kW (2023)

» Maturity: TRL 9 — fully commercial

+  Stack lifetime: 80,000-100,000 hours
AWE is suited for large-scale, steady-state hydrogen production. Its key limitation is slow dynamic response,
making it less compatible with highly variable renewable energy sources without buffer storage.

3.2 Proton Exchange Membrane Electrolysis (PEM)
PEM electrolyzers use a solid polymer membrane (typically Nafion) as the electrolyte, enabling compact, high-
pressure operation with rapid dynamic response — ideal for coupling with intermittent solar and wind energy.
»  Operating temperature: 50-80°C
»  Current density: 1,000-3,000 mA/cm2
»  System efficiency: 67-82% (LHV basis)
« CAPEX: $700-1,400/kW (2023), falling rapidly
» Maturity: TRL 8-9 — commercial, scaling fast
»  Pressure output: up to 30-80 bar (reduces downstream compression need)

The use of rare and expensive platinum group metals (Pt, Ir) as catalysts is a key cost and supply chain concern.
R&D into non-noble metal catalysts is ongoing.

3.3 Solid Oxide Electrolysis (SOEC)

SOEC operates at very high temperatures (700-850°C), enabling the utilization of both electricity and
industrial waste heat to split steam, resulting in the highest theoretical efficiency of any electrolyzer type.

»  Operating temperature: 700-850°C

»  System efficiency: up to 95% (with heat integration)

« CAPEX: $2,000-3,000/kW (2023)

* Maturity: TRL 6-7 — pre-commercial demonstration

» Ideal for coupling with high-temperature industrial processes (e.g., nuclear, cement, steel plants)

3.4 Anion Exchange Membrane (AEM) Electrolysis

AEM electrolyzers combine the advantages of AWE (no noble metal catalysts) and PEM (solid membrane,
compact design). Still in advanced R&D phase (TRL 4-6), AEM technology promises lower cost and improved
flexibility, and is considered a strong next-generation candidate.
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3.5 Technology Comparison Matrix

Parameter AWE PEM SOEC AEM
Maturity (TRL) 9 8-9 6-7 4-6
Efficiency (% LHV) 62-82% 67-82% Up to 95% ~65-75%
CAPEX ($/kW, 2023) | $500-1,000 $700-1,400 $2,000-3,000 N/A (R&D)
Noble Metals Needed No Yes (Pt, Ir) No No
Dynamic Response Slow Fast Very Slow Medium
Pressure Output ~30 bar Up to 80 bar ~1 bar ~35 bar
Warm-up Time ~60 min ~5 min ~4 hours ~15 min

4. Renewable Energy Integration

The defining characteristic of green hydrogen is its exclusive reliance on renewable electricity. The choice of
renewable source significantly impacts project economics, capacity factor, and system design.

4.1 Solar PV-Coupled Electrolysis

Solar PV has become the cheapest source of electricity in history (LCOE < $0.02/kWh in favorable locations).
PEM electrolyzers are well-suited to solar coupling due to rapid response to irradiance changes. Key technical
challenges include managing daily/seasonal variability, which requires grid connection or battery buffering to
maintain electrolyzer efficiency and longevity.

Example System Architecture: Solar PV Array — DC-DC Converter — PEM Electrolyzer — Hydrogen Buffer

Tank — Compression & Storage

4.2 Wind-Coupled Electrolysis

Offshore wind offers higher capacity factors (40-60%) than solar in many regions, providing more consistent
hydrogen output. Direct coupling of wind turbines (high-voltage AC) to alkaline or PEM electrolyzers requires
AC-DC power conversion (rectification). Offshore wind-to-hydrogen (Power-to-X) is a major focus in Europe,
particularly in the North Sea region.
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4.3 Hydropower-Coupled Electrolysis

Hydropower provides highly stable baseload electricity, enabling continuous electrolyzer operation at high
utilization rates — a key factor in reducing the levelized cost of hydrogen (LCOH). Countries like Norway,
Chile, and Canada are exploring large-scale hydro-to-hydrogen projects for export.

4.4 Capacity Factor Impact on LCOH

Economic Key Point

The Levelized Cost of Hydrogen (LCOH) is critically sensitive to the electrolyzer capacity factor (CF).
Increasing CF from 30% (solar-only) to 60% (hybrid solar+wind) can reduce LCOH by 30-40%, since
fixed CAPEX is amortized over more hydrogen output per year.

5. Hydrogen Storage & Transportation

Hydrogen's low volumetric energy density (0.089 kg/m3 at STP vs. 0.72 kg/m3 for natural gas) presents
significant engineering challenges for storage and transport. Multiple technological solutions are deployed
depending on scale, distance, and end use.

5.1 Compressed Gaseous Hydrogen (CGH2)
» Storage pressure: 350-700 bar for vehicle tanks; 200-500 bar for stationary
» Energy density: ~5.6 MJ/L at 700 bar
» Technology: Type IV composite pressure vessels (carbon fiber reinforced polymer)
« Compression energy penalty: ~3-5% of hydrogen energy content per 100 bar
» Best for: Short-range transport, refueling stations, small industrial use

5.2 Liquid Hydrogen (LH2)
»  Storage temperature: -253°C (20K) — just 20°C above absolute zero
»  Energy density: 8.5 MJ/L — 3x denser than CGH2 at 700 bar
» Liquefaction energy penalty: 25-35% of hydrogen HHV
» Boil-off rate: 0.1-0.3%/day for large tanks; challenge for long-term storage
» Best for: Long-distance maritime shipping, aviation, large-scale export terminals

5.3 Liquid Organic Hydrogen Carriers (LOHC)
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LOHCs are organic compounds that chemically bind hydrogen through catalytic hydrogenation and release it
via dehydrogenation. The carrier can be transported using existing petroleum infrastructure.

» Example: Dibenzyltoluene (DBT) — hydrogen content ~6.2 wt%

» Transport at ambient temperature and pressure: No specialized cryogenic equipment

» Energy penalty for dehydrogenation: significant (requires 40-50 kJ/mol H2 input heat)
» Best for: Long-distance intercontinental hydrogen trade

5.4 Ammonia as a Hydrogen Carrier (NH3)

Green ammonia (produced via Haber-Bosch process using green H2 and renewable N2) has gained significant
traction as both a hydrogen carrier and a standalone zero-carbon fuel.

» Hydrogen content: 17.8 wt% — highest among practical liquid carriers

» Liquefaction: -33°C at 1 atm (far easier than LH2)

»  Existing global ammonia infrastructure: 18 major export terminals worldwide
* Reconversion: Ammonia cracking to H2 at 400-500°C using Ru/Ni catalysts
» Direct use: As fuel in marine engines, turbines (with NOx mitigation)

5.5 Underground Geological Storage

Salt caverns, depleted gas fields, and aquifers offer massive seasonal storage potential — critical for balancing
annual renewable energy variations. The Teesside, UK salt cavern has stored hydrogen since the 1970s.
Underground storage is considered the most cost-effective solution for TWh-scale energy reserves.

5.6 Pipeline Transport

Repurposed or dedicated hydrogen pipelines offer the lowest LCOT (Levelized Cost of Transport) for large-
volume, long-distance transmission. Blending 5-20% H2 in existing natural gas networks is a near-term
strategy, but material embrittlement (especially in high-strength steel) requires careful engineering assessment.
The EU plans 53,000 km of dedicated H2 pipeline by 2050.

6. Major Applications of Green Hydrogen

Green hydrogen offers decarbonization pathways for sectors that resist direct electrification — often called
'hard-to-abate' sectors. Its applications span industrial, transportation, power, and building sectors.

Advanced Case Study | Green Hydrogen Technology



GREEN HYDROGEN Case Study | CO5

6.1 Industrial Decarbonization

6.1.1 Green Steel Production

Conventional blast furnace steelmaking uses coking coal as both a reductant and energy source, emitting ~1.8
tCO2 per tonne of steel. Direct Reduction of Iron (DRI) using green hydrogen replaces coal, producing H20
as a byproduct:

DRI-H2 Reaction

Fe203 + 3H2 — 2Fe + 3H20 Hydrogen replaces coal (C) as the reducing agent. The produced Direct
Reduced Iron (DRI/sponge iron) is then melted in an Electric Arc Furnace (EAF) using renewable electricity
— yielding near-zero-emission steel.

Sweden's HYBRIT project (SSAB, LKAB, Vattenfall) produced the world's first green steel in 2021.
Germany's Thyssenkrupp is retrofitting a 2.4 Mt/year blast furnace to hydrogen DRI, commissioned 2026.

6.1.2 Green Ammonia for Fertilizers

The Haber-Bosch ammonia synthesis process currently consumes ~2% of global energy and produces ~450
Mt CO2/year. Replacing grey hydrogen feedstock with green hydrogen — and using renewable N2 separation
— vyields green ammonia with near-zero carbon footprint. Yara (Norway), ACME (India), and OCI
(Netherlands) lead commercial green ammonia projects.

6.1.3 Petroleum Refining

Oil refineries consume ~40 Mt H2/year globally for desulfurization (hydrotreating) and hydrocracking.
Substituting grey with green hydrogen offers an immediate, significant emissions reduction at established
industrial sites, requiring minimal process modification.

6.2 Transportation Sector

6.2.1 Heavy-Duty Road Transport — Fuel Cell Electric Vehicles (FCEVS)
Hydrogen fuel cells convert H2 directly to electricity via the reverse of electrolysis, with water as the only
tailpipe emission. FCEVs offer key advantages over battery EVs for heavy-duty applications: faster refueling

(< 15 min), longer range (500-800 km), and higher payload due to lower system weight.

» Heavy trucks: Hyundai XCIENT, Toyota/Hino truck, Nikola Tre FCEV
» Buses: Toyota Sora, New Flyer Xcelsior CHARGE H2, Caetano H2.City Gold
» Trains: Alstom Coradia iLint (operational in Germany since 2018) — world's first H2 passenger train

6.2.2 Maritime Shipping
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International shipping accounts for ~2.5% of global GHG emissions. Green ammonia and liquid hydrogen are
the frontrunner zero-carbon marine fuels. The IMO targets 50% emissions reduction by 2050. Projects include:
Viking Energy ammonia-powered offshore vessel (Norway), CMB.TECH hydrogen ferries, and the
AmmPower initiative in South Korea.

6.2.3 Aviation — Sustainable Aviation Fuel (SAF) and Direct H2

Aviation is among the hardest sectors to decarbonize. Two pathways exist: (1) Power-to-Liquid (PtL) SAF,
where green H2 is combined with captured CO2 to synthesize drop-in jet fuel via Fischer-Tropsch synthesis;
(2) direct liquid hydrogen combustion in cryogenic aircraft tanks. Airbus's ZEROe concept targets liquid
hydrogen-powered aircraft entry into service by 2035.

6.3 Power Sector

6.3.1 Long-Duration Energy Storage

Hydrogen enables seasonal energy storage at scales (GWh—TWh) unreachable by battery technologies. Excess
renewable electricity during peak generation periods is used to produce hydrogen (Power-to-Hydrogen), which
is stored and reconverted to electricity via fuel cells or hydrogen turbines during periods of low renewable
output.

6.3.2 Hydrogen Gas Turbines

Major gas turbine OEMs (GE, Siemens Energy, Mitsubishi Power) are developing turbines capable of burning
100% hydrogen. Siemens Energy SGT-800 achieved 100% H2 combustion in 2023 testing. These turbines
provide dispatchable power to complement intermittent renewables, acting as firm, clean backup capacity.

6.3.3 Stationary Fuel Cells

Stationary proton exchange membrane and molten carbonate fuel cells provide distributed, highly efficient
(40-60% electrical, up to 90% combined heat and power) generation for hospitals, data centers, and industrial
facilities requiring high reliability. Bloom Energy and Doosan Fuel Cell are key commercial players.
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7. Advantages and Challenges

7.1 Key Advantages of Green Hydrogen

1. Zero lifecycle carbon emissions: When produced from 100% renewable electricity, GH2 achieves

near-zero well-to-gate GHG intensity (~1-3 g CO2e/MJ vs. 70-85 g CO2e/MJ for fossil fuels).

2. Versatility as an energy vector: Uniquely capable of decarbonizing heat, transport, power, and

industrial processes — sectors that cannot be cost-effectively electrified.

3. Long-duration storage: Can store TWh of energy seasonally in geological formations, addressing the

fundamental intermittency limitation of wind and solar.

4. Infrastructure compatibility: Can be transported via pipelines (with modification) and converted into

liquid carriers (ammonia, LOHC) compatible with existing maritime and port logistics.

5. Industrial feedstock replacement: Directly substitutes grey hydrogen in existing industrial processes

with minimal process redesign.

6. Energy security: Enables nations with abundant renewables but limited fossil fuel reserves to become

clean energy exporters.

7.2 Technical and Economic Challenges

Challenge

Current Status

Mitigation / R&D Direction

High LCOH

$4-9/kg (2023)

Scale-up, lower CAPEX, higher CF; target <
$2/kg by 2030

Electrolyzer Durability

Membrane degradation at
high load cycling

Advanced MEA materials, operational protocols

Low Volumetric Density

0.089 kg/m3 at STP

CGH2, LH2, LOHC, ammonia carriers

Hydrogen Embrittlement

Material failure in steel

pipelines/tanks

Composite materials, polymer liners, H2-grade
steels

Lack of Infrastructure

Limited refueling / delivery
network

Policy support, hub-and-spoke models

Rare Metal Catalysts (PEM)

Iridium scarcity and cost

AEM, non-noble metal catalyst R&D

Safety (flammability)

Wide flammability range: 4—
75% in air

Leak detection, zone classification, ATEX

standards

Water Consumption

~9 liters H20/kg H2

Seawater electrolysis (under development), arid-
region constraints
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8. Global Green Hydrogen Case Studies

8.1 NEOM / HELIOS — Saudi Arabia (The World's Largest GH2 Project)

The NEOM Green Hydrogen Company project in northwest Saudi Arabia (commissioned 2026) represents the
largest integrated green hydrogen plant ever attempted. Jointly developed by Air Products, ACWA Power, and
NEOM, it uses 4 GW of solar and wind capacity to power PEM and AWE electrolyzers producing 600 t/day
of green hydrogen, then synthesized into 1.2 Mt/year of green ammonia for export via the Port of Neom.

Project Specifications
Electrolyzer Capacity: 2.2 GW | Annual H2 Output: ~220,000 t/year Green Ammonia Output: ~1.2 Mt/year
| Water Desalination: Integrated seawater RO Export: Liquid ammonia tankers to global markets

8.2 HyDeal Ambition — Europe

A consortium of 30+ European energy companies targeting 3.6 Mt/year of green hydrogen produced in Spain,
Portugal, and North Africa, delivered via a 6,800 km dedicated H2 pipeline network to industrial clusters in
Germany, France, and ltaly by 2030. Target price: EUR 1.5/kg at delivery — below projected grey hydrogen

parity.

8.3 HYBRIT — Green Steel Pilot (Sweden)

The HYBRIT (Hydrogen Breakthrough Ironmaking Technology) project by SSAB, LKAB, and Vattenfall has
operated a pilot DRI plant in Lulea since 2020. It produced the world's first fossil-free steel delivered to Volvo
Group in 2021. A full-scale commercial plant is planned with 5 Mt/year capacity by 2026, reducing Sweden's
national CO2 emissions by 10%.

8.4 Hydrogen Valley — South Korea (H2 Urban Mobility)

South Korea has deployed the world's largest fleet of hydrogen fuel cell electric buses (over 7,000 Hyundai
Nexo FCEVs and 3,000 fuel cell buses as of 2024). The Ulsan Hydrogen Cluster integrates green hydrogen
production, FCEV manufacturing, and a national refueling network. Korea's H2 roadmap targets 5.26 Mt/year
domestic production and 6.2 million FCEVs by 2040.
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9. Techno-Economic Analysis

9.1 Levelized Cost of Hydrogen (LCOH) Components

The LCOH is the primary benchmark for green hydrogen competitiveness. It includes capital expenditure
(CAPEX), operating expenditure (OPEX), and electricity cost components:

Cost Component Contribution to LCOH (2023) 2030 Target

Renewable Electricity ~60-70% of LCOH < 40% (as RE prices fall)
Electrolyzer CAPEX ~20-30% of LCOH < 20% (scale-up)

Water & Balance of Plant ~5-10% of LCOH ~5%

O&M & Stack Replacement ~5-8% of LCOH ~5%

Total LCOH (favorable site) $3-5/kg (2023) < $2/kg (2030 target)

9.2 Green vs. Grey Hydrogen Parity

At current carbon pricing trajectories and with ongoing electrolyzer cost reductions, green hydrogen is
projected to reach cost parity with grey hydrogen in regions with excellent renewable resources by 2030, and
globally by 2035-2040. The crossover point is highly sensitive to the carbon price applied to SMR (grey)
hydrogen and the local cost of renewable electricity.

Cost Parity Equation

LCOH (Green) = LCOH (Grey) when: [Electrolyzer CAPEX/CF + RE Electricity Cost] = [CH4 Price x
SMR Factor] + [Carbon Price x 10 kg CO2/kg H2] At $80/tCO2 carbon price, parity occurs at RE electricity
price ~$40/MWh — already achievable in MENA, Chile, and Australia.

10. Safety, Codes & Standards

10.1 Hydrogen Safety Properties

Property Hydrogen (H2) Methane (CH4) Implication

Flammability Range 4-75% in air 5-15% in air Wider LFL — strict leak
control needed

Auto-ignition Temp. 500-571°C 537°C Similar ignition risk
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Property Hydrogen (H2) Methane (CH4) Implication

Flame Speed 270 cm/s 40 cm/s Faster deflagration
propagation

Diffusivity 0.61 cm2/s 0.16 cm2/s Rapid  dispersion —
reduces pooling risk

Buoyancy 14x lighter than air ~0.55x density of air Rises rapidly —
ventilated enclosures
essential

Energy Content (LHV) 120 MJ/kg 50 MJ/kg 2.4x more energy per kg

10.2 Key Standards Framework
» 1S0O 14687: Green hydrogen quality specifications (purity grades for different applications)
» IEC 62282: Fuel cell standards — safety, performance, testing
» ASME B31.12: Hydrogen piping and pipeline code
* NFPA 2: Hydrogen Technologies Code (USA)
» EN 17124: Hydrogen fuel for road vehicles — product specification
» SAE J2579: Standard for fuel systems in fuel cell vehicles

11. Future Outlook & Emerging Technologies

11.1 Technological Roadmap (2025-2050)

Timeframe Key Milestones Target LCOH

2025-2028 50 GW electrolyzer capacity globally; AEM commercialization; first | $3.5-5/kg
H2-direct steel plants

2028-2032 100 GW+ capacity; European H2 backbone pipeline operational; | $2-3.5/kg
LOHC trade routes established

2032-2040 Grid parity with grey H2 in most regions; H2 aviation SAF scaled; | $1.5-2/kg
offshore H2 hubs

2040-2050 500+ GW global capacity; H2 meets 10% of global energy; net-zero | < $1.5/kg
steel and ammonia mainstream

11.2 Next-Generation Technologies on the Horizon

» Photoelectrochemical (PEC) Water Splitting: Direct solar-to-hydrogen conversion using
semiconductor photoelectrodes — theoretical efficiency > 30%, currently ~10-15% in lab conditions
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» Thermochemical Cycles: High-temperature solar concentrators driving multi-step chemical cycles
(Sulfur-lodine cycle, Cu-ClI cycle) for large-scale hydrogen production without electrolyzers

» Biological Hydrogen Production: Microalgae and photosynthetic bacteria producing H2 via
hydrogenase enzymes — early R&D stage (TRL 2-3)

» Al-Optimized Electrolysis: Machine learning models for real-time electrolyzer stack management —
improving efficiency by 3-7% and extending membrane lifetime

» Seawater Electrolysis: Direct use of seawater (avoiding freshwater stress in arid regions) using
chloride-tolerant anodes — demonstrated at lab scale, moving to pilot stage

11.3 Green Hydrogen in the Net-Zero Energy System

In a fully decarbonized 2050 energy system, green hydrogen serves as the 'Swiss Army knife' of clean energy
— filling the gaps that direct electrification cannot reach. It connects the renewable power sector to industry,
transport, and the built environment through a flexible, tradeable, storable energy carrier. The molecule also
enables global clean energy trade, allowing sun-rich and wind-rich nations to export renewable energy in
chemical form, reshaping geopolitical energy dependencies.

IEA Net Zero by 2050 Projection

Green and low-carbon hydrogen meets ~10% of global energy demand by 2050 (~530 Mt H2/year). This
requires ~3,200 GW of dedicated renewable capacity for electrolysis — equivalent to the entire global
power generation capacity in 2015. Investment required: >$700 billion in electrolyzers alone by 2050.

12. Conclusion

Green hydrogen represents one of the most technically sophisticated and strategically important clean energy
transitions of the 21st century. This case study has demonstrated that while the core principle — using
renewable electricity to electrolyze water — is elegantly simple, the engineering challenges involved in
production scale-up, efficient storage and transportation, infrastructure development, and market deployment
are complex and multidimensional.

The technology is not a silver bullet; it is energy-intensive to produce, costly to compress and store, and
demands significant upfront capital investment. However, the trajectory is clear: electrolyzer costs are falling
rapidly, renewable electricity prices have reached historical lows, and policy frameworks across the EU, USA,
Japan, South Korea, India, and the Middle East are creating the investment certainty required for gigawatt-
scale projects.
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The industrial applications — particularly green steel and green ammonia — are where green hydrogen will
make the earliest, largest decarbonization impact. Transportation (heavy trucks, trains, shipping) will follow,
enabled by improving FCEV technology and expanding refueling infrastructure. Long-duration seasonal
energy storage may ultimately be the most transformative role, enabling 100% renewable power grids at
continental scale.

Final Synthesis

Green hydrogen is not a future technology — it is a present-day commercial reality entering its exponential
growth phase. The decade 2025-2035 will be decisive. Nations, industries, and engineers who master the
full hydrogen value chain — from renewable-powered electrolysis to end-use decarbonization — will define

the clean energy economy of the second half of the 21st century.
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