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Foreword
I am very delighted that CRC Press of the Taylor & Francis Group has decided to 
publish Civil Engineering Innovations for Sustainable Communities with Net Zero 
Targets edited by Dr. Sreevalsa Kolathayar, Associate Professor, Department of Civil 
Engineering, National Institute of Technology Karnataka (NITK), Suratkal; Prof. N 
Vinod Chandra Menon, Founder Member, National Disaster Management Authority 
(NDMA), Government of India and International Coordinator, C20 Working Group 
on Sustainable and Resilient Communities: Climate, Environment and Net Zero 
Targets; and Dr. Sreekeshava  K S, Associate Professor and Head of the Department 
of Civil Engineering, Jyothy Institute of Technology (JIT), Bengaluru. The chapters 
in this publication have been contributed by eminent academics, domain experts 
and practitioners from Indian Institutes of Technology (IITs), National Institutes of 
Technology (NITs), engineering colleges, private sector firms and universities in 
India. I am sure that this publication will be useful for faculty members, research 
scholars and students in engineering colleges, technical institutions and universities 
in India and other countries.

Recently, the people of Türkiye, Libya and Syria began their long road to recovery 
from disasters. The tragic circumstances of these disasters could have been avoided 
or the impacts reduced through innovative measures provided by the civil engineer-
ing community. We need to ensure that the solutions in the academic world reach the 
practitioners and the policy makers, so they can be fully integrated into development 
plans, and all kinds of risks can be avoided or reduced. I am sure this publication is 
an example of the way forward to enhance sharing of knowledge among sectors and 
among countries.

International cooperation is the foundation on which we can build an all-of-
society approach to strengthen resilience at all levels and across all sectors, to help 
and support the neediest and the most vulnerable. A recent midterm review of the 
implementation of the Sendai Framework makes for sober reading. It calls for a 
major ‘course correction’ that will be deeply challenging in order to prevent and 
reduce the negative impacts of disasters and climate change. I am happy to note that 
this publication can contribute to make the ‘course correction’ possible.

I hope that this publication by CRC Press will encourage more cross-border col-
laboration between academics and practitioners in India and in the G20 member 
countries, promote multi-country research and consulting in areas of mutual interest 
and facilitate wider dissemination and outreach across the institutions in the G20 
member countries, G77 member countries and G7 member countries and the mem-
ber states of the United Nations. Most developing countries in the Global South can 
benefit through the experience sharing of professional expertise with institutions in 
the Global North. As the world is becoming increasingly multipolar, the interac-
tions by G20 engagement groups have helped in sharing the innovations in develop-
ment pathways by countries in the Global South and the exemplars from the best 
practices in reducing the greenhouse gas emissions, improving the transition to new 

UN Office for Disaster Risk Reduction



xxii� Foreword

and renewable energy sources, and identifying opportunities for reducing the carbon 
footprint by countries in the Global South.

I wish to convey my appreciation and congratulations to the editors of this very 
timely and needed publication and wish the publication all success by reaching out 
through the libraries of the academic and technical institutions and universities in 
India and the world. I also hope that this publication will receive the attention of 
policy makers, decision makers and technical education experts, and that this book 
will be considered as a valuable reference book and included in the syllabus of tech-
nical courses in India and around the world.

Sanjaya Bhatia

Incheon, Republic of Korea Head of Office,  
UNDRR Global Education and Training Institute (GETI)

25 September 2023
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Preface
I am very pleased that CRC Press of the Taylor & Francis Group is publishing Civil 
Engineering Innovations for Sustainable Communities with Net Zero Targets edited 
by Dr. Sreevalsa Kolathayar, Associate Professor, Department of Civil Engineering, 
National Institute of Technology Karnataka (NITK), Suratkal; Prof. N Vinod 
Chandra Menon, International Coordinator, C20 Working Group on Sustainable 
and Resilient Communities: Climate, Environment and Net Zero Targets & Founder 
Member, National Disaster Management Authority (NDMA), Government of India; 
and Dr. Sreekeshava K S, Associate Professor and Head of the Department of Civil 
Engineering, Jyothy Institute of Technology (JIT), Bengaluru. Eminent academics 
who are faculty members and research scholars in Indian Institutes of Technology 
(IITs), National Institutes of Technology (NITs), engineering colleges and universi-
ties in India have contributed their insights through their chapters. The increasing 
frequency of disasters, extreme events and climate change in recent years have posed 
enormous damage to buildings, infrastructure and assets. I am confident that the 
civil engineering innovations covered in this publication will be very valuable to 
teachers and students of engineering in India and abroad.

Frugal innovations and disruptive technologies adopted by engineers in the con-
struction practices in several countries have demonstrated the strength of new build-
ing materials, which offer nature-based solutions. Construction of houses, roads, 
flyovers, bridges and critical infrastructure like installations for power supply, water 
supply etc. must be multi-hazard resilient and agile in responding to changes in 
weather patterns. I hope that this publication will provoke reflection among research-
ers and practitioners to search for sustainable development pathways and transition 
to new and renewable energy sources. I hope this publication will receive the atten-
tion it highly deserves. I want to convey my best wishes to the editors and authors of 
chapters in this publication for wider dissemination of their ideas.

Ambassador Vijay K Nambiar, IFS (Retd),  
1 September 2023

Former Under Secretary General, United Nations
Former Indian Ambassador to China and Pakistan
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with Net Zero Targets
An Introduction
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1.1  INTRODUCTION

No other field has received so much attention from scientific specialists and phil-
osophical speculators than the field of disaster management, which has gained 
prominence because of the increasing frequency of disasters, climate change, 
conflicts and extreme events and the economic damage caused by them. The field 
of disaster management (DM) has evolved in the past few decades as a multi- 
disciplinary, trans-disciplinary and inter-disciplinary field by bringing together 
several streams in the Arts, Sciences, Humanities, Engineering, Technology, Law, 
and even Spirituality and Compassion. In July 1979, the United Nations Disaster 
Relief Coordinator convened the meetings of an International Expert Group to 
take stock of the work in the field of disaster management by the United Nations 
and other stakeholder groups. The deliberations of the International Expert 
Group provided the impetus for the formulation of the International Framework 
for Action for the International Decade of Natural Disaster Reduction (IDNDR) 
from 1990 to 2000 and the establishment of the United Nations International 
Strategy for Disaster Reduction (UNISDR) as the predecessor of the United 
Nations Office for Disaster Risk Reduction (UNDRR). Even though the United 
Nations Decade 1990 to 2000 was declared as the IDNDR, it took several years 
for disaster management practitioners to argue that the term “natural disasters” is 
a misnomer as most disasters happen because of human interference with nature 
and human activities such as construction in floodplains, unstable slopes and 
river banks etc., without recognizing the multi-hazard nature of geographical 
areas. There have been efforts by agencies like the UNDRR in the recent years of 
the 21st century to argue that while natural hazards exist in different geographies, 
they can be prevented from becoming disasters. However, there is a felt need for 
creating greater public awareness among stakeholder groups who erroneously 
use the term natural disasters without recognizing the human origins of most 
disasters.

Even though Rachel Carson wrote her much acclaimed book Silent Spring in 
1962, it became recognized as a book giving the early warning signals of the climate 
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emergency only much later (Carson, 1962). The relationship between disaster man-
agement and climate change was understood, and efforts to ensure that development 
planning initiatives must be sensitive to the multi-hazard risks of the ecosystems and 
the risk and vulnerability faced by the geographies to climate change were argued by 
multi-disciplinary professionals only in recent years. Earth Day was first observed 
on April 22, 1970, six years after her death. The domestic production of DDT was 
banned in the United States much later, after a series of investigations into the harm-
ful effects of DDT on human beings and the environment at large highlighted the 
adverse effects of DDT.

1.2  SUSTAINABLE DEVELOPMENT

The choice of Gro Harlem Brundtland, former Prime Minister of Norway, who 
also had served several years as the Environment Minister of Norway, by the 
United Nations Secretary General in 1984 to chair the World Commission on 
Environment and Development (WCED) was very strategic. The WCED was 
mandated to formulate a global agenda for change, which will address the fol-
lowing objectives:

•	 “to propose long-term environmental strategies for achieving sustainable 
development by the year 2000 and beyond;

•	 to recommend ways concern for the environment may be translated into 
greater co-operation among developing countries and between countries 
at different stages of economical and social development and lead to the 
achievement of common and mutually supportive objectives that take 
account of the interrelationships between people, resources, environ-
ment, and development;

•	 to consider ways and means by which the international community can deal 
more effectively with environment concerns;

•	 and to help define shared perceptions of long-term environmental issues 
and the appropriate efforts needed to deal successfully with the prob-
lems of protecting and enhancing the environment, a long term agenda 
for action during the coming decades, and aspirational goals for the world 
community.”

(WCED, 1987)

The WCED Report aptly titled “Our Common Future” became very popular for its 
profound definition of sustainable development as “development that meets the needs 
of the present without compromising the abilities of future generations to meet their 
needs” (WCED, op. cit.).

India has overtaken China as the country with the largest population in the world, 
and the world population has crossed the 8 billion mark now. The challenges posed 
by poverty, deprivation, unemployment, malnutrition and the dwindling doubling 
time of populations of countries in the world have serious implications for poverty 
reduction and the achievement of the other Sustainable Development Goals (SDGs) 
formulated by the United Nations in 2015.
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1.3  CLIMATE CHANGE

One of the major outcomes of the WCED Report was the United Nations Conference 
on Environment and Development (UNCED), popularly known as the Earth Summit, 
in Rio de Janeiro in 1992, to create greater awareness among world leaders on the 
importance of policy agenda to protect the environment through conscious devel-
opment pathways which highlight preservation, conservation and regeneration of 
resources. The Earth Summit resolved to establish the United Nations Framework 
Convention on Climate Change (UNFCCC) to combat dangerous human inter-
ference with the climate system and to stabilize greenhouse gas emissions in the 
atmosphere. The Rio Declaration in 1992 at the Earth Summit and later the Kyoto 
Protocol became the guiding principles for the Paris Agreement on Climate Change, 
which was drawn up in 2015 and endorsed by several national governments.

1.4  DISASTER MANAGEMENT

The disaster management initiatives at the global level received further impetus 
in the World Conference on Natural Disaster Reduction at Yokohama, Japan, in 
May 1994. The outcome of the Yokohama Conference was the consensus on the 
Yokohama Strategy for a Safer World: Guidelines for Natural Disaster Prevention, 
Preparedness and Mitigation. The Yokohama Strategy consisted of the Principles, 
the Strategy and the Plan of Action, which was endorsed by the governments attend-
ing the World Conference on Natural Disaster Reduction. The establishment of the 
United Nations International Strategy for Disaster Reduction (UNISDR) in 1999 as 
the Secretariat for the IDNDR helped in creating greater awareness among national 
governments, donor agencies and civil society organizations working in humanitar-
ian assistance across the world.

The Indian Ocean Tsunami in December 2004 became a watershed event because 
of the enormous loss of lives, damage and destruction of houses, public infrastructure 
and assets in the affected countries. The “Hyogo Framework for Action: Building 
the Resilience of Nations and Communities to Disasters” (HFA 2005–2015) was 
drawn up as a global strategy for disaster reduction, which was endorsed by the 
governments at the World Conference on Disaster Reduction held at Hyogo, Kobe, 
Japan. One of the major departures from the IDNDR approach was the recognition 
that disasters are caused by human interference with nature, so anthropogenic fac-
tors must be considered while drawing up disaster management plans to prepare for, 
respond to and recover from disasters.

The Hyogo Framework for Action identified five priorities:

•	 Ensure that disaster risk reduction (DRR) is a national and a local priority 
with a strong institutional basis for implementation

•	 Identify, assess and monitor disaster risks and enhance early warning
•	 Use knowledge, innovation and education to build a culture of safety and 

resilience at all levels
•	 Reduce the underlying risk factors
•	 Strengthen disaster preparedness for effective response at all levels
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1.5  MILLENNIUM DEVELOPMENT GOALS (MDGs) 2005–2015

The United Nations formulated the Millennium Development Goals (MDGs) to 
address the major challenges facing humanity, and the time period for implementa-
tion of the MDGs was also to coincide with the HFA period of 2005–2015. The eight 
MDGs were the following:

1.	 Eradicate extreme poverty and hunger
2.	 Achieve universal primary education
3.	 Promote gender equality and empower women
4.	 Reduce child mortality
5.	 Improve maternal health
6.	 Combat HIV/AIDS, malaria and other diseases
7.	 nsure environmental sustainability
8.	 Global partnership for development

1.6 � RIO+20 OR UNITED NATIONS CONFERENCE ON 
SUSTAINABLE DEVELOPMENT (UNCSD)

The United Nations Conference on Sustainable Development (UNCSD) was con-
vened as a Rio+20 event after two decades since the Earth Summit in Rio de Janeiro. 
The UNCSD resolved to start working towards the SDGs, which were to be drawn 
up to accelerate the efforts made on the MDGs.

In spite of the efforts by national governments, donor agencies and civil society 
organizations and other stakeholder groups, the slow progress in the achievement 
of the MDGs compelled the United Nations to forge a consensus among world lead-
ers for working towards the achievement of 17 SDGs during the period 2015–2030.

1.7  SUSTAINABLE DEVELOPMENT GOALS (SDGs) 2015–2030

The 17 SDGs are the following:

  1.	 No Poverty
  2.	 Zero Hunger
  3.	 Good Health and Well Being
  4.	 Quality Education
  5.	 Gender Equality
  6.	 Clean Water and Sanitation
  7.	 Affordable and Clean Energy
  8.	 Decent Work and Economic Growth
  9.	 Industry, Innovation and Infrastructure
10.	 Reduced Inequalities
11.	 Sustainable Cities and Communities
12.	 Responsible Consumption and Production
13.	 Climate Action
14.	 Life Below Water
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15.	 Life on Land
16.	 Peace, Justice and Strong Institutions
17.	 Partnerships

The 15-year timeframe for the initiatives for the achievement of targets of the SDGs 
from 2015 to 2030 coincides with the 15-year time frame from 2015 to 2030 of the 
Paris Agreement on Climate Change, Sendai Framework for Disaster Risk Reduction 
(SFDRR) and the New Urban Agenda. These four frameworks have a very close rela-
tionship with each other, as the underlying context of multi-hazard risk, vulnerability 
and exposure of communities in disaster-prone countries make it a critical impera-
tive to ensure that disaster risk reduction is integrated with the development efforts 
while designing and implementing proposals for the construction of houses, public 
infrastructure and assets.

The UNESCAP Report on the midterm review of the SDGs in Asia Pacific found 
that all of the SDGs except SDG 13 on Climate Action have shown progress, while 
SDG 13 showed that it has regressed from the 2015 baseline figures (ESCAP, 2023).

The United Nations Secretary General Antonio Guterres has called on world 
leaders to accelerate efforts to achieve the targets of the SDGs, because the SDGs 
have succeeded in achieving only some of the goals in some countries, and the 
SDGs have regressed from the baseline figures of 2015 in some cases. At the high-
level political forum on sustainable development convened at the 78th Session of the 
General Assembly of the United Nations, the political declaration adopted by the 
member states resolved to accelerate the efforts for working to achieve the targets 
of the SDGs and to contribute funds to strive for getting the efforts on track in the 
member states. The member states of the United Nations will have to make con-
scious efforts to pursue the Agenda 2030 and accelerate the efforts to achieve the 
targets of the SDGs in the coming years.

1.8  NATURAL RESOURCE MANAGEMENT

The United Nations Environment Program (UNEP) has declared the decade 2022 to 
2032 as the United Nations Decade for Eco-system Restoration to promote Nature-
based Solutions (NbS) in fragile ecosystems. It has been found that several communi-
ties are developing innovative solutions for conserving and regenerating ecosystems 
with good practices and disruptive frugal innovations. Traditional knowledge sys-
tems of Indigenous communities are being applied to develop seed banks of tra-
ditional varieties, promote the cultivation of millets and encourage the utilization 
of low-cost building materials which are eco-friendly. The documentation of oral 
traditions on natural resource management by elders is also being attempted, as these 
traditions have been found to have coping mechanisms to address desertification, 
drought and famines by communities.

1.9  FOUR GLOBAL FRAMEWORKS 2015–2030

The year 2015 saw the member states of the United Nations endorse four global 
frameworks to be implemented during the timeframe 2015 to 2030: UNDESA’s 
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Sustainable Development Goals (SDGs); UNFCCC’s Paris Agreement on Climate 
Change; UNDRR’s Sendai Framework for Disaster Risk Reduction (SFDRR); and 
the UNHABITAT’s New Urban Agenda. At the mid-point of the 15-year period of 
these frameworks, the review reports on these frameworks found that the countries 
have to redouble their efforts to achieve the targets of these framework agreements, 
because most of them have woefully failed in implementation of the policies needed 
to achieve the targets. Most targets were off-track, and the global pandemic COVID-
19 or SARS Cov-2 had worsened the vulnerability of weaker sections in most coun-
tries impacted by the pandemic. Poverty, unemployment, malnutrition and access to 
water security, energy security and food security of the weaker sections had been 
adversely affected in several developing countries during the pandemic years.

1.10  WOMEN-LED DEVELOPMENT

Affirmative action through policies promoting gender equality and women empow-
erment is essential to ensure inclusive development pathways. It has been found 
that women-led development strategies are likely to achieve promising results 
by ensuring participation, ownership and effective implementation of empower-
ing development initiatives as women show empathy and compassion to promote 
inclusive and participatory processes. As the world is facing increasing frequency 
of disasters, extreme events, climate change and conflicts, there is a greater need 
to explore approaches which facilitate engagement with local communities and 
stakeholder groups. Documentation of good practices of women empowerment 
will also be helpful to widely disseminate them among communities to strengthen 
their resilience to face shocks like disasters, extreme events, climate change and 
conflicts.

1.11 � VULNERABILITY REDUCTION IN SUSTAINABLE 
AND RESILIENT COMMUNITIES

The resilience building of vulnerable sections by engaging with other stakeholder 
groups is essential by understanding the socio-economic and demographic profile of 
the communities so that the weaker sections can be identified. Communities are not 
homogenous entities, and there are large variations in caste, class, gender and other 
parameters. There can also be differential vulnerabilities if a woman-headed house-
hold has an elderly person who is bedridden or if there are any children who are 
differently abled or suffering from any terminal illnesses and undergoing treatment. 
The vulnerable sections in the local communities include the following:

•	 Elderly people
•	 Bed-ridden and wheelchair-bound people
•	 Differently abled people
•	 People suffering from debilitating diseases
•	 Palliative care patients
•	 Pregnant women
•	 Infants and children
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•	 Unemployed people
•	 Adolescent girls
•	 Transgender people
•	 Refugees and Internally Displaced People (IDPs)
•	 Minorities and other marginalized and excluded sections
•	 Women-headed households
•	 Bonded labour and trafficked child labour
•	 Victims of conflict and violence
•	 Poor, deprived and malnourished people, etc.

Large number of civil society organizations are engaged in resilience building 
of the communities in geographical areas prone to disasters, climate change, 
extreme events and conflicts. Several corporate sector entities are also providing 
financial support to such civil society organizations for capacity building and 
vulnerability reduction of weaker sections through corporate social responsibil-
ity funds.

1.12  DISASTER RISK REDUCTION

In 2009, the United Nations International Strategy for Disaster Reduction (UNISDR) 
published the UNISDR Terminology on Disaster Risk Reduction. The increas-
ing frequency, magnitude and economic impact of disasters, especially climate 
change–induced hydro-meteorological disasters in recent years, has highlighted 
the critical imperative of ensuring that disaster risk reduction is mainstreamed in 
the development planning efforts at the national, provincial and local levels. The 
revised Terminology for Disaster Risk Reduction was prepared by an Open-ended 
Intergovernmental Expert Working Group on Indicators and Terminology Relating 
to Disaster Risk Reduction. In 2015 at Sendai in Japan, the Sendai Framework for 
Disaster Risk Reduction (SFDRR) 2015–2030 was formulated by the UNDRR and 
endorsed by several countries, with four priorities and seven targets. The four priori-
ties of the SFDRR are the following:

Priority 1:  Understanding disaster risk.
Priority 2:  Strengthening disaster risk governance to manage disaster risk.
Priority 3:  Investing in disaster risk reduction for resilience.
Priority 4: � Enhancing disaster preparedness for effective response and to 

“Build Back Better” in recovery, rehabilitation and reconstruction.

The seven global targets of SFDRR are the following:

1.	 Substantially reduce global disaster mortality by 2030, aiming to lower the 
average per 100,000 global mortality rate in the decade 2020–2030 com-
pared to the period 2005–2015;

2.	 Substantially reduce the number of affected people globally by 2030, aim-
ing to lower the average global figure per 100,000 in the decade 2020–2030 
compared to the period 2005–2015;
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3.	 Reduce direct disaster economic loss in relation to global gross domestic 
product (GDP) by 2030;

4.	 Substantially reduce disaster damage to critical infrastructure and disrup-
tion of basic services, among them health and educational facilities, includ-
ing through developing their resilience by 2030;

5.	 Substantially increase the number of countries with national and local 
disaster risk reduction strategies by 2020;

6.	 Substantially enhance international cooperation to developing countries 
through adequate and sustainable support to complement their national 
actions for implementation of the present Framework by 2030; and

7.	 Substantially increase the availability of and access to multi-hazard early warn-
ing systems and disaster risk information and assessments to people by 2030.

(UNDRR, 2015)

The member states of the United Nations were expected to submit Annual Reports 
on their progress in the achievement of the targets. The Global Assessment Reports, 
which were published by the UNDRR, monitored their progress in the achievement 
of the targets. The midterm report published by the UNDRR in 2023 observed that

the average annual disaster-related mortality 2015–2021 is 40,797 people per year. As 
at March 2022, the average annual number of deaths and missing persons in the event 
of a disaster per 100,000 people has decreased from 1.77 from the decade 2005–2014 
to 0.82 in the decade 2012–2021.

(UNDRR, 2023a)

The fatalities in the global pandemic COVID-19 or SARS CoV-2, which is the mega 
disaster of our lifetime to date, are not included in the previously cited figures. The 
pandemic casualty figures have been under-reported by several countries, and the 
figures compiled by the World Health Organisation (WHO) were contested by a 
few countries. Accurately registering deaths in disasters needs to be significantly 
strengthened to ensure that the member states of the United Nations will be able to 
prepare for, respond to and recover from disasters, extreme events, climate change 
and conflicts. The Report of the Mid-Term Review of the Implementation of the 
Sendai Framework for Disaster Risk Reduction 2015–2030 observed that “reiterated 
commitment and efforts of traditional disaster risk reduction stakeholders, as well as 
novel collaborations with other stakeholders, are needed to correct course and ensure 
that the Sendai Framework is fully realized by 2030” (UNDRR, 2023b).

The floods in Greece, Spain, China and Morocco; the wild fires in Canada, Hawaii, 
California, Arizona and Greece; the earthquakes in Turkiye, Syria, Morocco and 
Japan; and the flooding in Libya indicate the need for strengthening multi-hazard 
preparedness by undertaking risk identification, vulnerability assessment, expo-
sure analysis and risk reduction strategies. It is essential that development planning 
pathways must incorporate disaster risk reduction and climate change adaptation, as 
the increasing frequency of disasters are resulting in damage to infrastructure and 
assets, loss of lives, disruption of livelihoods and phenomenal increase in economic 
damage in developed and developing countries.
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1.13  CLIMATE CHANGE ADAPTATION

President Barack Obama posted on Twitter [1040 p.m.: Sept 23, 2014] that “We are 
the first generation to feel the effect of climate change and the last generation who 
can do something about it.” This quote by President Obama has been attributed 
to Washington Governor Jay Inslee, who acknowledged Michael Patrick McGinn, 
Mayor of Seattle, Washington. When the Intergovernmental Panel on Climate 
Change (IPCC) published their Working Group Report I on the physical science 
basis for the Sixth Assessment Report, United Nations Secretary General Antonio 
Guterres said that the IPCC Report is “a code red for humanity.”

Global warming, sea level rise, glacier melting, desertification, declining ground 
water aquifers, extreme events, heatwaves and cold waves, snow avalanches, 
droughts, wild fires, unprecedented rainfall and cloud bursts, extinction of species 
and biodiversity shocks are all indications of the climate emergency. Climate change 
activists have been arguing that climate justice, gender justice and social justice are 
all closely related and that the vulnerable sections who are suffering because of 
discrimination and becoming ecological and environmental refugees need support 
to safeguard them against these climate change–triggered shocks. In the Climate 
Change Summits COP26 at Glasgow, Scotland, and COP27 at Sharm el-Sheikh, 
Egypt, the climate change evangelists argued for establishing a Loss and Damage 
Fund to provide relief to the victims of climate change triggered by the disasters, 
extreme events, air pollution, emission of greenhouse gases and collapse of sustain-
able development strategies because of the indiscriminate exploitation of fossil fuels. 
The climate change advocates from the developing countries in the Global South are 
critical of climate colonialism and the way the fossil fuel–vested interest groups are 
aggravating the climate emergency through indiscriminate exploitation of natural 
resources.

1.14  CLIMATE FINANCE

Several funds have been established for providing support to national governments 
to initiate projects on climate change adaptation and climate change mitigation. The 
major climate change adaptation funds are the following:

•	 Global Environment Facility (GEF)
•	 Green Climate Fund (GCF)
•	 Adaptation Fund (AF)
•	 Special Climate Change Fund (SCCF)
•	 Least Developed Countries Fund (LDCF)

1.15  CLIMATE CHANGE GLOBAL STOCKTAKE REPORT

The United Nations Framework Convention on Climate Change (UNFCCC) pub-
lished the synthesis report by the co-facilitators on the technical dialogue of the first 
global stocktake recently, as agreed by more than 200 countries which endorsed the 
Paris Agreement on Climate Change in 2015 to initiate efforts to reduce greenhouse 
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gas emissions and global warming. The first global stocktake found that the just 
transition to new and renewable energy is not happening in most countries as envis-
aged, and the emissions of greenhouse gases are not getting reduced substantially. 
The countries which are signatories of the Paris Agreement on Climate Change have 
to consciously introduce major policy shifts to ensure that the greenhouse gases and 
carbon emissions will be reduced with active multi-stakeholder engagement. Green 
mobility, green buildings and energy conservation must be actively promoted.

1.16  NET ZERO TARGETS

In 2015, in the Paris Agreement on Climate Change, the signatories agreed to reduce 
greenhouse gas emissions to ensure that global warming is kept in check to 1.5 
degrees Centigrade above the pre-industrial levels by 2050. This essentially implies 
that the sources of carbon emissions and the sinks must neutralize each other by 
bringing it to net zero (Black et al., 2021). Many countries have come up with innova-
tive net zero transition pathways with carbon-offsetting strategies and mechanisms 
for carbon credits. These pathways are also connected with eco-friendly develop-
ment strategies and nature-based solutions, exploring alternatives to ecologically 
degrading approaches like indiscriminate quarrying in coal mines, deforestation, oil 
drilling, exploitation of fossil fuels, etc.

Countries such as Bhutan are carbon negative. Even to become carbon neutral, 
countries have to design and implement progressive affirmative action policies which 
are eco-friendly with multi-stakeholder engagement and active participation. The 
phasing out of fossil fuels is a demand made by climate change activists, though the 
fossil fuel lobby will resist any attempt to interfere with their expansion plans. While 
many countries are developing electric vehicles and automobiles driven with biofuels 
and even hydrogen, the energy budgets in several developing countries are showing 
deficits and critical gaps in their access to energy sources.

1.17  JUST TRANSITION TO NEW AND RENEWABLE RESOURCES

“Just Transition” to net zero targets and new and renewable resources is the sustain-
able development pathway for communities facing the challenges of climate change 
in a period witnessing global warming, climate extremes and heatwaves. United 
Nations Secretary General Antonio Guterres said that the world is not facing global 
warming, but “global boiling.” Countries are making efforts to promote power gen-
eration by switching to solar energy, wind energy and hydroelectric energy. The 
efforts to phase out fossil fuels by switching to electric vehicles and sustainable 
transport through green mobility have received support from governments and other 
stakeholder groups. The reduction of greenhouse gas emissions and carbon dioxide 
emissions, simultaneously introducing frugal innovations to strengthen the carbon 
offsetting, is envisaged to help planet Earth to achieve net zero targets by 2050. 
Manufacturing processes in industrial units will also have to be gradually shifted in 
favour of clean energy solutions. Such whole-of-society approaches will be needed 
to ensure that just transition happens without creating adverse impact on weaker sec-
tions and vulnerable communities of the Global South. The demand for honouring 
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the “polluter pays” principle has also received greater consensus among represen-
tatives of the civil society organizations, especially among youth and adolescents. 
There is also increasing demand for climate change activist ombudsmen to monitor 
greenwashing by vested interest groups.
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Attainment of Sustainable 
Development Goals 
through Responsible 
Utilization of Resources 
as Building Materials
A Case Study from Kerala 
State, South India

Subha Vishnudas and Lekshmi M S

2.1  INTRODUCTION

Global development trends today are unsustainable. The biggest reason for this lies 
with our society’s consumption and production patterns. It has been widely recog-
nized since 1992 at the Rio Earth Summit that human beings need to change the 
way they produce and consume. The United Nations’ 2030 Agenda for Sustainable 
Development readdressed this issue and included as the 12th Sustainable Development 
Goal—Responsible Consumption and Production. Every human being living on this 
planet is committed in radically altering the society’s practices of producing and 
consuming goods and services. A paradigm shift from control of nature to coopera-
tion with nature is inevitable (Qureshi and Nawab, 2013). With growing consumption 
and production, the entire world is getting densely populated, yet at an unprece-
dented rate, people are altering the Earth’s natural system both locally and worldwide 
(Cruickshank and Fenner, 2007). This has brought up the crucial issue of striking 
a balance between meeting the requirements of a population that is growing at an 
exponential rate and protecting our ecosystems’ carrying capacity as well as our bio-
logical and cultural diversity. Everyone should be aware of the reality that there are 
environmental limits and our resources are finite (Qureshi and Nawab, 2013). It is the 
responsibility of engineers to create products and services with the lowest possible 
consumption of raw materials, water and energy. One of the means to achieve this is 
to reduce waste production through effective utilization of resources.

Earth is a versatile and sustainable material, which is often obtained as waste in 
construction sites, reducing cost and energy for transportation (Gomes et al., 2018). 

2
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The potential of mud as a building material has been very much explored in ancient 
times, and it is still being practiced in many European, Arab and Egyptian coun-
tries (Lekshmi et al., 2017). The magnificent buildings carved out of earth, such as 
Ziggurates of Mesopotamia (4100 BCE–2334 BCE), the Great Mosque of Djene, 
Mali (13th–14th century) and the Great Wall of China (206 BC), figures out as ideal 
monuments of sustainable construction practices using mud bricks. Earth has a 
unique property of breathability, which makes it different from other conventional 
building materials (Lekshmi et al., 2020). Despite these positive features, people are 
restrained from using earth as a construction material mainly due to its major draw-
backs, such as vulnerability to erosion, termite attack and development of shrinkage 
cracks. However, these drawbacks can be nullified by enhancing the physical and 
mechanical properties of raw earth using natural stabilizers and reinforcements.

There is immense potential for natural resources to be utilized as raw materi-
als in building construction. On the other hand, the livelihood of people, especially 
women working both in the agricultural sector and related industries, are declining 
to the extent that they strive hard to make both ends meet. A technological approach 
of incorporating earth and agricultural waste residues as raw materials in building 
construction can be a feasible solution to address this global challenge besides reduc-
ing the unscientific waste disposal and global warming.

2.2  SUSTAINABLE DEVELOPMENT GOAL (SDG) 12

The sustainable development goals (SDGs) adopted by the United Nations in the 
2030 agenda of sustainable development manifests a holistic approach to end 
poverty, protect Earth and ensure a greener and fairer, better world (Sakai et al.,  
2022). Among the 17 SDGs, the 12th goal ensures responsible consumption and  
production patterns that focus on “doing better with less and wasting less” (The  
17 Goals | Sustainable Development (un.org); https://17globalgoals.com/sustainable- 
development-goals-and-the-construction-industry).

Eleven targets have been established for attaining this goal. Of these targets, 12.2, 
12.5 and 12.6 pertain respectively to effective utilization of natural resources, reduc-
tion of waste generation and encouragement of companies in adopting sustainable 
practices which are closely associated with construction activities (https://unosd.
un.org/es/node/126). In the construction scenario, responsible consumption denotes 
judicious consumption of raw materials from natural resources, reserving them for 
future generation without depleting them; responsible production denotes any pro-
duction processes in construction which involve minimum greenhouse gas emis-
sions. It is alarming to note that the construction industry is the major consumer of 
natural resources, and especially the cement industry is responsible for 5%–7% of 
all global anthropogenic CO2 emissions (Krejcirikova et al., 2018). While produc-
ing one tonne of cement, an average quantity of 0.87 tonne of CO2 is released to the 
atmosphere (Farhan et al., 2019). On the other hand, enormous wastes in the form 
of agricultural residues, industrial wastes, and construction and demolition wastes 
are generated globally day by day, the disposal of which is a permanent menace 
to the stakeholders. The effective utilization of these wastes from locally available 
resources in the construction industry can propose sustainable solutions to global 

http://un.org
https://unosd.un.org
https://17globalgoals.com/sustainable-development-goals-and-the-construction-industry
https://unosd.un.org
https://17globalgoals.com/sustainable-development-goals-and-the-construction-industry
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warming and unscientific waste disposal. Again, the sustainable utilization of wastes 
in a region imparts overall well-being and prosperity of the people in the locality.

2.3  NATURAL RESOURCES AS RAW MATERIALS

The State of Kerala, popularly known as “God’s Own Country,” is located in the south-
ern part of India. The major crops cultivated in Kerala are paddy and coconuts, other 
crops being plantation crops such as arecanuts, cashew nuts, spices and fruits. Apart 
from these, livestock farming is also a livelihood of a minority population in Kerala. 
The real challenges faced by agro-based industries and livestock farming in Kerala are 
detailed in the forthcoming sections.

2.3.1  Challenges Faced by Agro-Based Industries in Kerala

The State of Kerala accommodates several large, medium and small-scale agro-
based industries. The coir industry, cashew nut processing industries, rice mills, and 
coffee and tea industries are a few among these. Kerala is the major coconut-produc-
ing state in India, contributing to about 45% of the total production (https://coconut-
seller.in/coconut-production-in-kerala). Small-scale coir industries flourished near 
the banks of backwaters in Kerala about a century ago. Coconuts were dehusked, 
retted in backwaters for decortification and then fibres were extracted by beating the 
husks in these industries (see Figure 2.1a–Figure 2.1c).

The extracted golden brown fibres are bundled before spinning (see Figure 2.1d).
About 70% of the labourers involved in the industry were women (see Figure 2.1e).
Subsequent rise in the price of coconuts, decline in the price of coir ropes in the mar-

ket, followed by low wages for labourers led to the gradual disappearance of these indus-
tries. Despite being the major producer of coconuts in India, the state of Kerala is now 
depending on the neighboring state Tamil Nadu for coir fiber. It is estimated that about 
80 tonnes of coir fibers can be extracted from 1 million coconuts. Nevertheless, less than 
40% of coconut husk is utilized by coir industries, the remaining used as fuel or as waste 
materials in rural areas. There is huge potential for utilization of 60% of coconut husk, 
which extracts about 0.34 million tonnes of coir fibers (National Coir Policy and Vision 
Document, 2025). Kerala has to become self-sufficient in the extraction of coir fibres and 
utilize the maximum potential of these fibres without wasting them.

The cashew industry in Kerala started as small-scale agro-based industry and 
flourished to large-scale industry in the due course of time. This industry provided 
a livelihood to lakhs (hundreds of thousands) of people, the majority being female 
(see Figure 2.2).

Kerala contributes to about 60% of India’s raw cashew nut export and 85%–98% 
of cashew kernel export (Stevelal, 2018). However, the cashew industry in Kerala 
suffered a severe setback during the past 20 years due to various reasons, such as 
reduction in the area under cultivation and production almost to half, decline in 
imports of cashew nuts etc., creating an imbalance in supply-demand leading to the 
permanent shutdown of these factories. The ministry of Kerala is striving hard to 
rejuvenate cashew industries, which could increase the economy of the state and also 
create more job opportunities.

https://coconutseller.in/coconut-production-in-kerala
https://coconutseller.in/coconut-production-in-kerala
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FIGURE 2.1A  Coconuts.

Photograph taken by the author.

The scenario from rice mills in Kerala is quite different. These mills are on the 
verge of threat in connection with the dumping or rice husk waste. The agricultural 
economic statistics from Kerala recorded the paddy production (see Figure 2.3a) 
during 2020–2021 to be 0.63 million tonnes, from which approximately 0.13 million 
tonnes of rice husk could be produced, which is often burnt to ash for disposal (Final 
Estimates of Area. Production and yield of Crops 2020–21). This burnt rice husk ash 
is often dumped into the yard (see Figure 2.3b and Figure 2.3c), which destroys the 
formation of topsoil and affects soil fertility.

The rice mill owners of the state are seeking expert opinion for the safe dis-
posal of rice husk ash, as well as the possibility of valorizing this agricultural waste 
residue.

Considering the production of major agricultural products such as coconuts and 
paddy and cash crops such as cashew nuts over the past decade (2011–2021), the fol-
lowing observations have been made: (1) decline in the production of coconuts from 
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FIGURE 2.1B Retting of coconut husks.

Photograph taken by the author.

FIGURE 2.1C Beating of coconut husks.

Photograph taken by the author.
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FIGURE 2.1E  Women engaged in coir spinning.

Photograph taken by the author.

FIGURE 2.1D  Extracted brown coir fibres before spinning.

Photograph taken by the author.
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FIGURE 2.2  Women engaged in processing of cashew nuts.

Photograph taken by the author.

FIGURE 2.3A  Paddy.

Photograph taken by the author.
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FIGURE 2.3B  Rice husk waste.

Photograph taken by the author.

(Source: Lekshmi et al., 2023a)

5941 million nuts to 4788 million nuts; (2) decrease in the production of rice from 
568.9 thousand metric tonnes to 521.31 thousand metric tonnes during 2017–2018 
followed by an increase to 626.89 thousand metric tonnes during 2020–2021; and (3) 
a considerable decline in the production of cashew nuts from 36.74 thousand metric 
tonnes to 20.91 thousand metric tonnes (Agricultural Production at a Glance, 2020).

Suitable measures should be undertaken for increasing the production of coco-
nuts, paddy and cashew nuts that would boost the economy of the state, which would 
be reflected in the overall well-being of the society.

2.3.2  Challenges Faced by Livestock Farmers in Kerala

The majority of Kerala’s small-scale farmers rely on livestock as their primary form 
of income. As per the 19th livestock census in 2012, cattle constitutes the major 
population of livestocks in Kerala, i.e., about 13.3 lakhs (see Figure 2.4a)
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Livestock makes up a little over 27% of the Gross State Value Added (GSVA) 
from the agricultural sector, which is somewhat more than that at the all-India level. 
However, it has slightly decreased from 27.97% in 2016–17 to 27.49% in 2017–18, 
primarily due to the decrease in the population of cattle (Ashmi, 2019). The primary 
cattle products in Kerala that assist the rural population in alleviating the adverse 
effects of rural poverty are milk, meat and leather.

Little consideration has been given to the excreta of cattle, i.e., cow dung  
(see Figure 2.4b), which when utilized properly can add value to the state economy.

Besides being excellent manure, cow dung is a well-known disinfectant. It was 
smeared on the walls and floors of ancient buildings for disinfecting purposes 
(Bahobail, 2012). The effective utilization of cow dung in nurseries as manure and 
in strengthening mud-based constructions would earn livestock farmers supple-
mentary income other than the income obtained by selling milk and milk prod-
ucts. Compared to milk, cow dung is obtained free as waste. The greater part of 
the dung can be used as manure for agriculture, and the problem persists with the 
remaining portion. Stoking of fresh cow dung for prolonged periods generates 
a stinky smell and can become colony for microorganisms. Fresh dung can be 
spread under the sun in open areas and dried. Dried cow dung can be powdered 
and stocked in airtight bags for longer duration and can be marketed as manure or 
for construction purposes.

To enable small producers in taking advantage of opportunities, overcoming 
obstacles and countering threats, a supportive atmosphere must be created. The con-
straints associated with higher livestock production must be adequately identified 
and overcome.

FIGURE 2.3C  Rice husk ash residue dumped into yards of a rice mill.

Photograph taken by the author.
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FIGURE 2.4A  Livestock farming in Kerala State, South India.

Photograph taken by the author.

2.3.2.1 � Raw Materials Extracted from Natural 
Resources as Building Materials

The raw materials available in Kerala that can be promising building materials to the 
construction industry are (1) earth as mortar and plaster, (2) cow dung from cattle as 
a stabilizer for earth-based mortar and plaster, (3) cashew nut shell liquid extracted 
from the kernel of cashew nuts as water repellant in earth-based mortar and plaster, 
(4) coir fibre extracted from coconut husks as reinforcement in mortar and plaster, 
and (5) rice husk ash generated by burning rice husks (waste from paddy field) as 
replacement for cement in mortar and plaster.

The main objective of the study has been framed as the attainment of responsible 
consumption and production (SDG 12) through effective utilization of waste from 
natural resources. The corresponding subobjective is the attainment of no poverty 
(SDG-1), zero hunger (SDG-2), good health and well-being (SDG-3), quality educa-
tion (SDG-4) and gender equality (SDG 5).

2.4  BACKGROUND STUDY

Extensive literature review was carried out to explore the effective utilization of 
these agricultural residues as raw materials in the construction industry, and the 
main highlights are discussed:
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•	 Natural and synthetic fibres enhance the tensile strength of cement mortar 
by bridging the gap between the grains of the cement matrix (Onuaguluchi 
and Banthia, 2016; Qamar et al., 2018; Gonilho-Pereira et al., 2011).

•	 Coir fibres are rich in cellulose and lignin, whose bonding and durability 
properties can be enhanced through alkali treatment (Kiruthika, 2017; Yadav 
and Tiwari, 2016; Andic-Cakir, 2014; Karthikeyan and Balamurugan, 2012).

•	 Alkali-treated coir fibre (0.5%–1.5%) enhanced the mechanical properties 
of conventional mortar when used as reinforcement (Sathiparan et al., 2017; 
Kesikidou and Stefanidou, 2019).

•	 The replacement of cement by supplementary cementitious materials 
(SCM) with amorphous silica content could lower the increase in global 
CO2 emissions by 30% (Ecosmart, 2016).

•	 Replacement of cement by rice husk ash (10%–30%) enhanced the mechani-
cal properties of cement mortar while displaying greater resistance to acid and 
alkali attack (Rashid et al., 2010; Subhashi et al., 2021; Christopher et al., 2017).

•	 Cashew nut shell liquid extracted from the kernel of cashew nuts is excellent 
water repellant and an oxidizing agent (Pillai et al., 1980; Kubo et al., 2006).

FIGURE 2.4B  Fresh cow dung.

Photograph taken by the author.
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•	 The addition of animal dung imparts plasticity to soils and can be used as 
waterproof plaster for earth-based masonry walls (Millogo et al., 2016).

•	 Mud-based constructions can be stabilized with cow dung, which would 
also check the crack propagation as the dung is fibre rich (Bahobail, 2012).

•	 Cementitious composites reinforced with coir fibre and replaced with rice 
husk ash impart low thermal conductivity and greater fatigue strength 
(Abdullah and Lee, 2017).

Based on the literature review, a detailed experimental research was planned for the 
effective utilization of treated coir fibre, rice husk ash, cashew nut shell liquid and 
cow dung as raw materials for masonry mortar in construction industry.

2.5  EXPERIMENTAL STUDY

Experimental studies were carried out in the following three areas and were found to 
be promising in the utilization of:

1.	 Agricultural residues in conventional (cement-based) mortar and plaster
2.	 Agricultural residues and livestock wastes in traditional (earth-based) mor-

tar and plaster
3.	 Agricultural residue–based binder and mortar in product development for 

the construction industry

2.5.1 �U tilization of Agricultural Residues in Conventional 
(Cement-Based) Mortar and Plaster

Coir fibres in pristine form (see Figure 2.5) were given alkali treatment for three 
days, washed thoroughly, dried and cut into required lengths (10 mm–25mm).

The treated coir fibres were used as reinforcements in percentages varying from 
0.1% to 0.3% by weight of 43-grade Portland pozzolana cement. Rice husk ash (RHA) 
obtained from the yards were dried, ground in ball mills, sieved to the size of Portland 
cement and stored in airtight bags (see Figure 2.6).

Considering the environmental consequences of river sand mining, crushed graded 
manufactured sand was used for preparation of mortar. The specimens were tested 
for strength and durability after checking their material properties (see Figure 2.7).

2.5.1.1  Material and Methods
The material properties of treated coir and rice husk were tested as per standard refer-
ence tests in the laboratory and were found suitable to be used respectively as reinforce-
ment and partial replacement for cement. The specific gravity of coir fibre was within 
the range 1.30–1.38, and it had a breaking force within the range 4.2 N–4.3 N. The 
biological examination of coir fibre indicated the presence of cellulose (40%–45%)  
and lignin (30%–35%). The specific gravity of rice husk ash was within the range 
1.9–2.0. The chemical composition of RHA showed the presence of silicon dioxide 
greater than 90%, which indicates greater pozzolanicity. Microstructure examination 
of RHA using X-ray diffraction technique (XRD) indicated the amorphous nature of 
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FIGURE 2.5 Coir fiber in pristine form.

Photograph taken by the author.

FIGURE 2.6 Rice husk ash ground and sieved.

Photograph taken by the author.

(Source: Lekshmi et al., 2021)
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FIGURE 2.7 Agricultural residue-based cement mortar specimens.

Photograph taken by the author.

(Source: Lekshmi et al., 2021)

silica present in it, justifying its pozzolanicity. Ordinary Portland Cement of grade 
43 had been used. The crushed graded sand conformed to Zone III of particle size 
distribution and was used as fine aggregate for mortar.

Coir fibre–reinforced and RHA-replaced binder specimens were prepared for vary-
ing lengths (10 mm–25 mm) and percentages (0.1%–0.3%) of coir fibre and varying 
percentages of RHA (5%–15%) as per standard reference codes for testing compres-
sive strength and water absorption (durability). The results indicated that coir fibre 
(0.25, 0.5%) of 10 mm length when used as reinforcement gave compressive strength 
20% greater than the control binder with desired durability. Partial replacement of 
RHA (10%) by weight enhanced the compressive strength of control binder, especially 
for longer duration (Lekshmi et al., 2021). All the binders had compressive strength 
greater than that of 43-grade OPC (43 N/mm2) as per IS: 4031 (Part 6)—1988.

2.5.1.2  Application of Agricultural Residue–Based Binders 
on Mortars and Plasters of Varying Proportions

The experimental results from agricultural residue–based binders were applied 
to masonry mortars and plasters by varying their proportion from 1:1–1:8. Water-
to-cement ratio was fixed to maintain the required flowability as per the standard 
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reference codes. The experimental results indicate that incorporation of coir fibers 
(0.5%, 10 mm) enhanced the mechanical properties of masonry mortar from strong 
mixes to weak mixes while maintaining desirable durability parameters. Partial 
replacement of cement by RHA in required proportion was equally good in main-
taining long-term strength parameters of moderate and weak mixes and imparted 
better resistance to acid and alkali attack (Lekshmi et al., 2023b). All the mortar 
samples satisfied strength requirements as specified by IS: 1905–1987.

Thus, agricultural residues such as coir fibres and rice husk ash, which would 
otherwise be dumped as waste, creating environmental pollution and accompanied 
health hazards, can be effectively utilized as raw materials in the construction sector.

2.5.2 �U tilization of Agricultural Residues and Livestock Wastes 
in Traditional (Earth-Based) Mortar and Plaster

The majority of the world’s population dwells in earth-based habitats. According to 
the renowned architect Laurie Baker, around 58% of buildings in India are made of 
mud bricks, withstanding over a period of 100 years (Lekshmi et al., 2017). Coming 
to the Kerala scenario, most of the ancient houses and historical monuments were 
made of mud/laterite blocks (Gopakumar, 2010). Unlike the conventional plasters, 
mud possesses a unique property known as breathability, an important factor in any 
wall system. If the resistance to crack propagation, water penetration and termite 
attack is properly ensured, then mud is the most suitable and sustainable material for 
a healthy living. The presence of fibres in cow dung can mitigate crack propagation. 
The disinfecting property of cow dung can be deployed in resisting termite attack, 
and the water-repellant property of cashew nut shell liquid can be imparted in resist-
ing water penetration in earth-based constructions.

2.5.2.1  Materials and Methods
Soil samples with less organic content were collected by avoiding top soil, dried, 
sieved and stored in containers. Powdered and sieved cow dung (see Figure 2.8a) 
was added in varying percentages (5%–20%) to stabilize the virgin mud mortar (see 
Figure 2.8b).

The increase in moisture ingress due to the addition of cow dung was regulated 
by adding varying percentages of cashew nut shell liquid (5%–15%) by weight of soil 
(see Figure 2.9a–Figure 2.9d).

The material properties of soil, cow dung and cashew nut shell liquid were tested 
as per standard codes IS: 2720 (Part III/section1)—1980, IS: 2720 (Part 4)—1985, IS 
2720 (Part 5)—1985, IS: 2720 (Part 22)—1972, IS: 2720 (Part 26)—1987, and IS: 840–
1986 and found adequate to be used as raw materials for mortar. Soil samples were 
composed of sand (40%–55%), silt (35%–45%) and clay (10%–15%) fractions. The 
specific gravity of soil varied within the range 2.6–2.8 and that of cow dung within the 
range 1.2–1.4. The pH of cow dung was between 8.0 and 8.2. Cashew nut shell liquid 
had viscosity of 105–109 centipoise and specific gravity between 0.92–0.97.

The compressive strength specified by IS: 2250–1981 (i.e., > 2 N/mm2) was 
attained by cow dung–stabilized mud mortar that was treated with cashew nut shell 
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FIGURE 2.8A  Powdered cow dung.

Photograph taken by the author.

(Source: Lekshmi et al., 2020)

FIGURE 2.8B  Cow dung–stabilized mud mortar specimens.

Photograph taken by the author.

liquid. The stabilization of mud mortar with 10% and 20% cow dung retained the 
compressive strength of raw mud mortar samples by 88%–98% and 70%–90%, 
respectively, but there was uptake in moisture ingress compared to raw mud mortar. 
The addition of 10% cashew nut shell liquid to 10% and 20% cow dung–stabilized 
mud mortar reduced moisture uptake by 50%–70% and also decreased linear shrink-
age by 40%–50% (Lekshmi et al., 2020).

The study explored the potential of livestock waste (cow dung) as a stabilizer 
for earth-based constructions. The effect of cashew nut shell liquid in mitigating 
moisture ingress and reducing shrinkage cracks is also proved, thus opening a new 
platform for the cashew industry.
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FIGURE 2.9A  Cashew fruit.

Photograph taken by the author.

FIGURE 2.9B  Matured nuts before harvesting.

Photograph taken by the author.

2.5.3 �A pplication of Agricultural Residue–Based Binder and Mortar 
in Product Development for Construction Industry

Three products were developed as promising products to the construction industry as 
application of the experimental study based on agricultural residues in conventional 
(cement-based) mortar and plaster:
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FIGURE 2.9C Harvested raw nuts.

Photograph taken by the author.

FIGURE 2.9D Cashew nut shell liquid.

Photograph taken by the author.

(Source: Lekshmi et al., 2020)

1. Coir Fibre-Rice Husk Acoustic Panel (CFRHAP): Agricultural residue–
based binder (10% RHA replaced cement) was used to bond coir fibre 
and rice husk while fabricating a fibrogranular acoustic panel. The sound 
absorption tests conducted in low- and high-frequency domains as per ISO 
10534–2 (1988) indicate that CFRHAP is capable of absorbing 85%–87% 
sound within a frequency domain of 500 Hz–5000 Hz and 89%–91% sound 
in a high-frequency domain (1000 Hz–5000 Hz) (Lekshmi et al., 2023a). 
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Existing acoustic panels used for absorbing low-frequency sound are made 
of synthetic materials and are toxic to nature. The density of CFRHAP is 
200 kg/m3 with dimensions 300 mm × 300 mm × 25 mm (see Figure 2.10).

These panels were rated under a V-1 category of flame resistance, indicating burning 
is not sustained as per UL-94 and ASTM-D 3801 (2017) standards. Due to their ability 
to absorb both low- and high-frequency soundwaves (500 Hz–5000 Hz), they have many 
applications in auditoriums, theatres and other sound insulation applications (UL-94).

2. Agricultural residue–based cement-sand bricks: Cement sand bricks were 
manufactured with moderate and weak mortar proportions reinforced with 
coir fiber (20–30 mm length), rice husk ash (10–20%) and their combina-
tions, as seen in Figure 2.11.

These cement-sand bricks possessed compressive strength and water absorption 
conforming to that of first-class bricks (7–14 N/mm2) as per ASTM-C 67 (2021) and 
can be used as an alternative for fired clay bricks.

3. Agricultural residue–based crack-free plaster mortar: Agricultural residue–
based plaster mortar developed in the study can be made available in pack-
ets of 25 kg or 50 kg in ready-to-mix form in construction sites that can be 
used for masonry mortar and plaster (Lekshmi et al., 2023b).

FIGURE 2.10 Coir fibre–rice husk acoustic panel.

Photograph taken by the author.
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2.6  CONCLUSION

This chapter focused on sustainable development goals through the effective utiliza-
tion of wastes from natural resources at a regional level with respect to the case study 
conducted in Kerala State, South India. The methodology adopted in this study may 
be applied elsewhere in the world with wastes from natural resources having similar 
material properties and by using appropriate methods.

This study had attempted to attain SDGs pertaining to no poverty (SDG 1), zero 
hunger (SDG 2), good health and well-being (SDG 3), quality education (SDG 4) and 
gender equality (SDG 5) through the attainment of SDG 12.

2.6.1 A ttainment of SDG 12 (Responsible Consumption and Production)

The main objective of the study was the attainment of responsible consumption and 
production (SDG 12), which focuses on ‘doing better with less’ and ‘wasting less’ by 
attaining specific targets 12.2, 12.5 and 12.6 (SDG’s and Targets Overview Resource 
(updated as of 6 August, 2020)). Accordingly, the study examined the utilization of coir 
fiber (wastes from coir industry), rice husk ash (waste from rice mills), cashew nut shell 

FIGURE 2.11  Agricultural residue–based cement sand bricks.

Photograph taken by the author.
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liquid (waste extract from cashew nut industry), earth (natural resource) and cow dung 
(livestock waste) as effective raw materials for the construction industry. The following 
applications are recorded for the effective utilization of natural resources in the con-
struction industry specific to the materials selected for the study:

Target 12.2—Achievement of sustainable management and efficient use 
of natural resources
Attainment—Utilization of products of agricultural crops such as paddy, 

coconuts, cashew nuts and earth for construction, which are locally avail-
able natural resources in Kerala.

Target 12.5—Substantially reduce waste generation through prevention, 
reduction, recycling and reuse
Attainment—
 (i) � Effective utilization of agricultural waste residues such as coir fibre, rice 

husk ash, cashew nut shell liquid and livestock wastes such as cow dung 
as raw materials in construction, reducing waste disposal.

(ii)  Utilization of earth as building material permits reuse after demolition.
Target 12.6—Encourage companies, especially large and transnational 

companies, to adopt sustainable practices and to integrate sustainabil-
ity information into their reporting cycle
Attainment—
 (i) � Cement industries can take necessary steps to launch ready-to-mix 

plaster cement by adding coir fibres and rice husk ash at the packing 
stage of cement production to propagate the use of low CO2 emission 
cements.

(ii) � Industries can take up mass production of agricultural residue-based 
cement-sand bricks and fibro granular coir fibre rice husk acoustic panels 
as promising products for construction industries adopting sustainable 
practices.

The outcome of the study also reflects the attainment of other sustainable develop-
ment goals as follows:

Attainment of SDG1 (No Poverty) and SDG 2 (Zero Hunger)

•	 The demand for coir fibers, rice husk ash and cashew nut shell liquid in con-
struction industries would open greater employment opportunities in these 
industries.

•	 Labour will have to be employed for supervising alkali treatment of coir 
fibres, cutting of coir fibres to required length, and for grinding and sieving 
of rice husk ash.

•	 Cashew nut shell liquid finds immense application in the chemical and 
polymer industries.

The findings of this study shall open a new market for cashew nut shell liquid in the 
construction sector, demanding greater production leading to the full-fledged func-
tioning of cashew industries.
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•	 The rejuvenation of the coir industry and cashew nut industry would secure 
employment, particularly for women labourers who are unable to seek employ-
ment elsewhere like male labourers.

•	 The demand for cow dung in earth-based construction shall encourage 
livestock farmers to foster native breeds of cows that provide good-quality 
dungs.

•	 Processing of powdered cow dung from fresh dung requires labor.
•	 The mass production of agricultural residue–based cement-sand bricks and 

fibrogranular acoustic panels would initiate processing units that require 
skilled labor.

The requirement for labourers would create jobs for men and women of that locality, 
gradually eradicating poverty from these families, thus attaining SDG 1 and SDG 2.

Attainment of SDG 3 (Good Health and Well-Being)

•	 The effective utilization of agricultural wastes as raw materials for the con-
struction industry would minimize unscientific waste disposal, which is the 
root cause for airborne and waterborne diseases.

•	 Encouraging earth-based construction techniques would avoid the applica-
tion of toxic paints in the building. The breathable earth walls would impart 
health and positive energy to the inhabitants.

•	 The installation of fibrogranular non-toxic acoustic panels would absorb 
low-frequency soundwaves that are responsible for hearing loss and associ-
ated health hazards to the citizens and the surrounding environment.

Thus SDG 3 is attainment by ensuring good health and well-being of people in that 
locality.

Attainment of SDG 4 (Quality Education) & SDG 5 (Gender Equality)

•	 Attainment of SDG 1 and SDG enhances the capabilities, procedures, emo-
tions, skills and resources that communities and enterprises require to sur-
vive, change and flourish in a world that is changing swiftly.

•	 Improvement in the financial status of the community would equip parents 
to provide quality education to their children.

•	 Men and women in a family would work together for a better future of their 
children without gender discrimination, which thus ensures gender equality.

The effective utilization of wastes from natural resources in a locality would thus 
transform the lives of people in that locality by reforming the society, which in the 
long run would transform the world into a sustainable place to live in.
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Sustainable Construction 
Technologies
A Way Forward

Keerthana Kirupakaran

3.1  INTRODUCTION

According to the World Green Building Council [1], about 40% of annual global 
carbon emissions can be traced back to the construction sector. With the current 
surge in urbanization across different parts of the world, the carbon emission from 
the construction industry is expected to double in the next two decades if substan-
tial measures are not taken [2]. To meet the climate goal, it is critical for builders, 
manufacturers, and policymakers to incorporate sustainability into every facet of the 
construction industry.

Sustainability in construction is viewed in three verticals, namely: economic, 
environmental, and social sustainability [3]. Economic sustainability concerns profit-
ability in the construction processes, efficient use of resources such as water, energy, 
natural or human-made materials, and labour. Environmental sustainability involves 
undertaking eco-friendly construction practices. A few ways to achieve environmen-
tal sustainability include diligent use of resources, minimizing waste, and employing 
construction materials and techniques that consume less energy and emit less carbon 
dioxide. Social sustainability deals with addressing the needs of people in all stages 
of the construction process, starting from commissioning to demolition of a building/
structure. It evaluates the company’s engagement with its employees, suppliers, cus-
tomers, clients, and the local community.

Social sustainability encapsulates human rights, wellness and safety, diver-
sity, and societal impact [4]. The existing and emerging construction technologies 
should cater to these three verticals to promote sustainable development in the 
construction industry. Earlier challenges in the construction industry were focused 
only on three factors: cost, quality, and time. Now sustainability being the prime 
motto, a new paradigm is proposed by Huovila and Kokela [5], as illustrated in 
Figure 3.1. This new paradigm modifies the existing construction practices by con-
sidering the minimization of resource depletion, reduction in harmful emissions, 
and preservation of biodiversity. In a global context, the new paradigm aims to 
achieve a healthy economy, environmental quality, social equity, and cultural heri-
tage. While this task seems intimidating, it is achievable when we break it down 
into smaller goals.
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To achieve environmental sustainability in the construction sector, research efforts 
are focused on developing various construction materials and technologies that can 
mitigate net carbon emissions. Some of the approaches and inventions include (1) sup-
plementary cementitious material (SCMs), which are used as a partial replacement for 
Portland cement either during manufacturing or during concrete mixing; SCMs are 
widely explored, as they can reduce CO2 emissions by up to 30–40% without compro-
mising much on the performance of concrete [6]; (2) fibre-reinforced concrete (FRC) and 
textile-reinforced concrete (TRC) have high ductility and load-bearing capacity, which 
enables the production of thin and light structural components; (3) concrete 3D-printing 
technology is the digital fabrication of cementitious components by eliminating form-
work; (4) use of construction and demolition (C&D) waste in the new construction; and 
(5) use of artificial intelligence (AI), robotics, and automation in construction enables 
better planning in addition to promoting time and cost-effective construction. The sus-
tainability potential of emerging technologies can be truly realized only when we per-
form a life-cycle assessment to quantify embodied and operational carbon emissions. 
Further, real change can happen only when there is a drive for the implementation of 
sustainable technologies through policies and standards. This chapter gives an overview 
of various research and implementation efforts for achieving environmental sustainabil-
ity in the construction industry. First, the importance of embodied and operational car-
bon and life-cycle assessment in the context of the construction industry is elaborated, 
followed by the discussions on various sustainable construction materials and technolo-
gies mentioned previously. The chapter concludes with the significance of policies and 
standards in the large-scale adoption of sustainable principles and technologies in the 
construction sector and as a way forward to attain sustainability in construction.

3.2  EMBODIED AND OPERATIONAL CARBON

3.2.1 E mbodied Carbon

The total energy consumed or carbon emitted from the manufacturing stage to the 
point where the product is ready to be used is referred to as embodied carbon or 

FIGURE 3.1  New paradigm for sustainable construction according to Huovila and Kokela [5].
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energy. With respect to the construction sector, embodied carbon constitutes carbon 
emitted during the manufacturing material, including raw material extraction and 
their processing, the transport of manufactured material to the construction site, and 
the energy consumed while using the construction equipment and type of construc-
tion practices adopted [7]. In other words, embodied carbon refers to the carbon 
emission in the entire construction process, starting from the manufacture of raw 
materials for the construction of the building to the point where the people are ready 
to occupy the building [8, 9].

3.2.2 O perational Carbon

The operational carbon or energy refers to carbon or energy consumed for the oper-
ation of the building throughout its service life. It includes energy consumed for 
maintaining the indoor environment through processes such as heating, ventilation, 
cooling, lighting, and the operation of appliances [10, 11]. Operational carbon cur-
rently accounts for 28% of global greenhouse gas emissions. If the total operational 
energy demand of the building is met by renewable energy sources such as solar and 
wind, then a building is said to have ‘net zero carbon emissions’. To envisage envi-
ronmental sustainability in the construction sector, it is essential to promote large-
scale implementation of renewable energy sources.

To measure the environmental sustainability potential of a building, it is impor-
tant to assess and quantify embodied and operational carbon in the entire life cycle. 
The proportionate share of embodied and operational carbon to the total life 
cycle carbon of a building depends primarily on the type and function of the 
building [12], and secondary factors include climate, fuel type used, building 
orientation, location, and building occupancy [13]. The life-cycle assessment of 
a building is discussed in the following section.

3.3  LIFE-CYCLE ASSESSMENT

Life-cycle assessment (LCA) is a technique to systematically evaluate the environ-
mental impact of a product or service during its entire life cycle. For instance, during 
the life cycle of a product, natural resources such as energy, water, and material are 
consumed and, as a result, waste material, undesirable emissions, and by-products 
are generated. LCA provides a framework to analyze and quantify one or more 
undesirable environmental impact parameters, such as embodied carbon, embodied 
energy, acidification, eutrophication, ozone depletion, and smog formation at each 
stage of the product’s life cycle. This information helps in taking informed decisions 
on the sustainability potential of a product or service. The life-cycle assessment con-
sists of four stages [11]:

•	 Stage 1—Definition of goal and scope: LCA is performed by defining a 
system boundary and considering all the input/output of the process within 
that boundary. Typically, three system boundaries are defined in LCA, 
which are (1) from cradle to grave—encapsulates all the inputs/outputs of 
the processes that participate throughout its life cycle including extraction 
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of raw material, processing of materials, manufacture of components, use 
of the product, and recycling or final disposal; (2) from cradle to gate—
considers inputs/outputs from the extraction of raw materials until the 
product is placed on the market; and (c) from gate to gate—considers only 
the inputs/outputs of the manufacturing process of the product. The system 
boundary and embodied carbon emissions at different phases in the LCA of 
a building [14] are shown in Figure 3.2.

•	 Stage 2—Life cycle inventory analysis: In this stage, input and output data 
of the processes of the product system is collected and curated.

•	 Stage 3—Life cycle impact assessment: In the third stage, the curated data 
from the previous stage is translated into indicators of potential environ-
mental impacts.

•	 Stage 4—Life cycle interpretation: In the fourth stage, based on the 
defined goal and scope, the results are interpreted and the conclusions 
are drawn.

The execution of these four stages of LCA is a comprehensive process that can be 
both expensive and time-consuming. Nevertheless, LCA is a powerful tool to evalu-
ate and reduce the environmental impact of the product.

Several research efforts globally are focused on investigating the strategies to 
decrease the embodied carbon in a building [8, 10, 15, 16]. The commonly used 
strategies are: (1) use low-carbon materials in construction; (2) minimize waste, 
reuse and recycle materials; (3) minimize transit of materials/products for long dis-
tances and promote local sourcing; and (4) implement construction optimization 
strategies. In this context, the following sections focus on low-carbon construction 
materials and technologies that promote environmental sustainability in the con-
struction industry.

FIGURE 3.2  Schematic of system boundary in the life-cycle assessment of a building [14].
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3.4  SUPPLEMENTARY CEMENTITIOUS MATERIALS (SCMs)

Cement production constitutes about 6–8% of the anthropogenic CO2 emission [17]. 
Cement production has starkly increased from 2.5 billion tons in 2005 to 4.1 billion 
in 2022 and it is projected to increase up to 5.8 billion tons by 2050 [18]. The high 
demand and popularity of cement are due to its low cost, and it is by far the most widely 
used binder to make concrete. In cement manufacturing, 60% of CO2 is produced dur-
ing the clinkering process, and the remaining 40% is produced from electricity and 
fuel sources used for heating and milling [19]. One way to reduce carbon emissions 
due to cement production is by reducing cement consumption by exploring alternative 
sources of binder for making concrete. In this light, supplementary cementitious mate-
rials (SCMs) have been the focus of research for the past few decades.

SCMs are used as a partial replacement of Portland cement either during manufac-
turing or the concrete mixing process. In addition to the reduction of CO2 emission, 
some SCMs also improve the strength and durability performance of concrete, leading 
to further reduction in cost arising from repair and rehabilitation [19, 20]. According 
to the ASTM 2015 standard [21], SCM is defined as an inorganic material that contrib-
utes to the properties of a cementitious mixture through either hydraulic or pozzolanic 
activity, or both. A pozzolan is either siliceous or both siliceous and aluminous mate-
rial that possesses almost no cementitious value in its pristine form, but in the finely 
powdered form, they form compounds having cementitious properties by chemically 
reacting with calcium hydroxide. Fly ash and ground granulated blast furnace slag 
(GGBFS) with high calcium contents are the most widely used SCMs [22], and other 
examples of SCMs include silica fume, calcined clay shale, and volcanic ash.

Fly ash is a byproduct of burning pulverized coal in a power plant, and it displays 
both pozzolanic and hydraulic behaviour [22]. On the other hand, GGBFS [23] is 
a byproduct of iron production in the blast furnace. The benefits of using GGBFS 
in concrete include better workability, durability, low risk of thermal cracking, and 
low risk of reinforcement corrosion as it restricts chloride ingress and offers high 
resistance against sulphate attack. Research efforts are ongoing to utilize cement kiln 
dust (CKD), which is a byproduct of the clinker manufacturing process. CKD are 
typically composed of alkali, sulfate, and chlorides, and they are used in conjunc-
tion with other industrial byproducts to develop an alternative binding material for 
sustainable concrete [24–26]. A large portion of CKD with lower alkali, sulfate, and 
chloride contents are recycled as raw material in the cement kiln.

The use of different SCMs imparts different properties to concrete depending 
upon their mineralogical and chemical compositions [27]. The use of SCMs in the 
form of blended cement contributes significantly to the refinement of concrete pore 
structure, which enhances the concrete strength and durability properties [28, 29].

Currently, several research efforts are focused on finding new sources of SCMs, 
as flyash and GGBFS resources are depleting gradually. Annual production of fly 
ash is 1 billion tons and GGBFS is 360 million tons, while cement production is 
projected to be a whopping 5.8 billion tons by 2050 [30, 18]. Due to environmental 
concerns, several coal power stations are shutting down. In the United States, 40% 
of coal-fired power plants have been shut down in the past five years, and there are 
plans to shut all the coal-fired power plants in the UK and Netherlands by 2025 and 
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2030, respectively [31, 32]. These developments will significantly reduce the fly ash 
and GGBFS production. Consequently, new sources of SCMs such as natural SCM, 
calcined natural SCM, and limestone calcined clay cement (LC3) materials [33] are 
being explored. Further agricultural waste such as rice husk ash, palm oil fuel ash 
(POFA), bagasse ash (BA) [34, 29], bamboo leaf ash (BLA), wood waste ash, and 
corn cob ash (CCA) are also being researched for their potential use as SCMs [35, 
36]. Some of the challenges faced with the introduction of new SCMs are developing 
methods to characterize them appropriately and finding the limitations of existing 
test methods [37]. While the use of SCMs is one way to reduce the carbon footprint 
in concrete, developing thin and lightweight structures that consume less material is 
another way to reduce the carbon footprint in concrete.

The following section elaborates on the fibre- and textile-reinforced concrete that 
facilitates the construction of thin and lightweight concrete structures in contrast to 
conventional steel-reinforced concrete construction.

3.5  FIBRE- AND TEXTILE-REINFORCED CONCRETE

3.5.1  Fibre-Reinforced Concrete (FRC)

Fibre-reinforced concrete (FRC) is a composite material consisting of discon-
tinuous fibre uniformly dispersed in the concrete matrix. The primary role of 
fibres in the cementitious matrix is to control crack width opening and crack 
propagation. Compared to plain concrete, which is quasi-brittle in nature, FRC 
has improved post-peak behaviour, tensile strength, ductility, and fracture tough-
ness. These properties of FRC are very important for structures located in high 
seismic regions [38, 39]. Further, its enhanced crack control property restricts the 
penetration of water and other contaminants into the concrete, thereby increas-
ing the corrosion resistance and service life of the structure [40]. FRC is an ideal 
material for applications where cracking is a concern, such as bridge decks and 
industrial flooring.

FRC with its improved durability and strength performance can help in reducing 
the size of concrete structural members, which leads to less consumption of cement. 
These advantages of FRC over conventional concrete increase its sustainability 
potential. FRC research over the past three decades worldwide has resulted in the 
development of structural design guidelines and codes [41–45]. FRC has been used 
in several applications, including airport runways, ports, precast concrete, indus-
trial floors, tunnel segments, highways, roads, and bridges. About 100 million cubic 
meters of FRC are produced annually, of which 60% is used for slab construction 
[46], 25% is used in the manufacture of precast components, and other applications 
constitute the remaining 15% [46]. FRC is frequently used to retrofit damaged con-
crete structures and is a popular option for industrial flooring applications [47, 48]. 
Owing to the better crack width control property of FRC, permeability in concrete 
can be substantially reduced, which is highly desirable for coastal structures as they 
are vulnerable to reinforcement corrosion [49]. FRC also shows better performance 
under fatigue loading. An experimental study by Stephie et al. [50] revealed that the 
incorporation of even a low dosage of fibres significantly improves the fatigue per-
formance of concrete due to crack bridging and mitigation of fracture propagation. 
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In recent years, FRC research is further being explored to employ recycled steel 
fibres and natural fibres to promote sustainable construction practices.

While there are several advantages of FRC from a strength, durability, and sus-
tainability perspective, one major limitation of FRC is the lack of confidence in 
ensuring uniform distribution of fibres. During the FRC production stage, the balling 
effect of fibres is encountered due to improper mixing methods. Proper care should 
be taken while mixing and placing FRC to ensure uniform fibre distribution. ACI 
Committee 544 [51] has put forward a few guidelines to ensure the uniform distri-
bution of fibres. However, there is always an uncertainty associated with the fibre 
distribution, and uniform fibre distribution is critical for its performance and is the 
primary assumption in FRC structural design. The uncertainty in the fibre distribu-
tion can be overcome by using continuous fibre reinforcement in the form of textile 
fabric, which is discussed in the following section.

3.5.2 T extile-Reinforced Concrete (TRC)

Textile-reinforced concrete (TRC) is a new-generation fibre-cement composite mate-
rial that contains a multi-axial textile fabric embedded in a fine-grained concrete 
matrix. The textile fabrics used in TRC are generally made of glass or carbon or 
basalt fibres. The schematic of multilayer TRC is depicted in Figure 3.3. Unlike 
conventional steel-reinforced concrete, TRC is non-corrosive, and this feature makes 

FIGURE 3.3  Schematic of TRC with multilayer textile reinforcement.
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it an attractive material from a durability perspective. TRC has excellent bearing 
capacity and ductility, which enable us to produce thin and lightweight structural 
components [52]. TRC enhances durability as well as helps in minimizing the use 
of concrete. Consequently, it is argued to be more environmentally sustainable than 
traditional steel-reinforced concrete due to less consumption of cement [52, 53].

Currently, the application of TRC is in the form of strengthening existing con-
crete structures, facades, and structures that carry minor vertical loads.

A few examples of TRC applications are depicted in Figure 3.4. The type of fibre 
used in the textile reinforcement plays a critical role in influencing TRC properties, 
and it is chosen depending upon application, with desired material properties such as 
anti-corrosive, temperature resistance, and bond quality. In addition to these mate-
rial properties, the cost and environmental impact also play a significant role in the 
choice of fibre for TRC [54, 55]. Tomoscheit et al. [56] found that concrete consump-
tion can be reduced up to 85% in TRC applications that use carbon or alkali-resistant 
(AR) glass textiles as reinforcement. The LCA based on a cradle-to-gate system 
boundary showed that reduced concrete material consumption in TRC considerably 
decreases the cumulative energy demand and environmental impact compared to the 
conventional reinforced concrete element [55]. While research on TRC has revealed 
many promising attributes from a sustainability point of view, its usage is limited 
due to the lack of design tools, standards, and understanding of its long-term behav-
iour. Research efforts spanning experimental, analytical, and numerical investiga-
tions on TRC are ongoing to efficiently design the TRC components.

The behaviour of TRC depends primarily on the strength of the concrete matrix, 
the strength of the textile fabric, and the bond between the textile and concrete 
matrix [59]. Several researchers have studied the direct tensile behaviour of TRC 
by using different setups [60]. Under uniaxial tension, the TRC exhibits trilinear 
behaviour, which can be characterized into three zones. Zone I corresponds to the 
elastic stage dominated by the matrix, zone II corresponds to the multiple-cracking 
stage, and zone III corresponds to the post-multiple-cracking stage, which is domi-
nated by the properties of textiles [61]. The typical behaviour of TRC under flex-
ural loading is categorized into two zones by Zargaran et al. [62]. The first zone is 
dominated by the role of concrete where the concrete matrix breaks, and a sudden 
drop occurs. Following the drop, the concrete cracks begin to widen, and depending 
on the volume fraction of the textile reinforcement shows either deflection harden-
ing or under-reinforced response. Unlike conventional concrete, two types of bonds 
must be considered while understanding the bonding behaviour of TRC: (1) the bond 
between filaments and concrete, and (2) the bonds between the filaments themselves 
[61, 63, 64].

Smitha et al. [65] reported that stretching or prestressing the textile fabric while 
preparing TRC can substantially improve the mechanical performance of TRC compo-
nents. While most researchers used expensive AR-glass textiles, Paul et al. [66] explored 
the use of E-glass textiles for TRC, with suitable coating and matrix modification. A few 
research outcomes of the Building Technology and Construction Management (BTCM) 
group of IIT Madras [67] on TRC are shown in Figure 3.5a–d. The TRC water tanks 
shown in Figure 3.5d are lighter and more durable than conventional steel tanks, 
as they do not corrode. Further, TRC tanks are easier to fabricate as less effort is 
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FIGURE 3.4 Application of TRC: (a) TRC facade construction in Mumbai, India, by Raina 
Industries [57]; (b) cycle shed made of TRC shell elements at Institute of Textile Technology 
at RWTH Aachen University, Germany [58].

Photo by Keerthana Kirupakaran.
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required to bend the textile fabric, unlike steel rebars. With ongoing research efforts 
and emerging applications of TRC, large-scale implementation of TRC is envisaged. 
While utilizing high-performance, low carbon-intensive materials like FRC and 
TRC is one way towards achieving sustainability goals in construction, minimizing 
construction waste and reusing them again in new construction is very important for 
sustainable construction.

3.6  CONSTRUCTION AND DEMOLITION WASTE

Any waste arising from the construction, repair, remodelling, and demolition of 
a civil structure is referred to as construction and demolition (C&D) waste. C&D 
waste is composed of non-degradable and inert materials such as concrete, tiles, 
brick aggregates, rock particles, glass, plastic, metals, wood, and excavated soil. 
Urbanization and modern infrastructure have significantly increased the demand 
for natural resources and material consumption. The construction industry uti-
lizes about 32% of the natural resources [68]. Currently, it is estimated that about 
75% of C&D waste has a residual value that is neither reused nor recycled [69]. 
In 2014, China was leading in C&D waste generation worldwide with 1.13 billion 
tons. C&D waste generated annually in India is estimated to be 10 to 12 million 
tons, which on a per capita basis is around 8.29 to 3.95 kg/year. According to Ram 
et al. [70], these projected figures of C&D waste in India are a serious underes-
timation compared to other countries with C&D waste of 110–842 kg capita per 
year.

FIGURE 3.5  TRC research at IIT Madras [67]: (a) use of textile mesh to retrofit a concrete 
structural column; (b) and (c) a boxed form structure by folding planar TRC components; (d) 
modular TRC sewage water tank.



Sustainable Construction Technologies� 49

The construction sector is the second largest sector in India in terms of material 
consumption [71, 72]. The increase in construction activity has led to high demands 
on construction materials, particularly on river sand [73, 74].

High construction material consumption results in high construction waste. 
Figure 3.6 shows typical C&D waste composition in India [75]. In the current sce-
nario, C&D waste management is critical owing to its impact on the environment 
and public health [76, 77].

Several measures are being taken worldwide to mitigate C&D waste reuse through 
the imposition of strict policies for C&D waste management. Some initiatives by the 
Indian government to mitigate C&D waste include: (1) The Technology Information, 
Forecasting and Assessment Council (TIFAC) [78] published guidelines for man-
aging construction waste, which outlines selling reusable materials obtained after 
construction or demolition at a discounted rate in the market, and utilizing only 
non-reusable materials for landfill; (2) the Bureau of Indian Standard IS: 383–2016 
[79] permitted the use of manufactured sand obtained from C&D wastes and other 
industrial wastes as partial replacement of coarse and fine aggregate from natural 
sources; and (3) the National Building Code (NBC) of India (2000) [75] included the 
provision to use recycled concrete aggregate (RCA) for bank protection, bulk filling 
cement, sidewalks, drainage system bases etc. It is further stated that 30% of natural 
aggregate could be replaced by RCA, and this percentage can be increased up to 50% 
for pavements and other areas under pure compression. With respect to the reuse of 
C&D materials, RCA has received a lot of attention. However, RCA shows reduced 
strength when used in concrete due to the old mortar particles sticking on its surface. 
In order to remove this mortar, thermo-mechanical treatment is necessary, which is 
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FIGURE 3.6  Typical C&D waste composition in India,
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again energy intensive. Rohit et al. [80] used solar power for this purpose and gener-
ated RCA of different sizes.

While research efforts and implementation measures are in place, the Indian con-
struction industry cannot profit adequately from cost savings due to several reasons. 
The following are some of the reasons reported by Wildermuth [81]:

•	 Lack of awareness of the waste management measures and protocols among 
local contractors, architects, and construction is a major barrier to the utili-
zation of C&D waste in the industry.

•	 Lack of interest from the customers/clients to adopt waste minimization 
and management measures in the project.

•	 Lack of adequate training and knowledge on the economic benefits and 
social implications of C&D waste management among customers and con-
tractors. To overcome this situation, more technical institutes should adopt 
these subjects in the academic curriculum.

•	 Lack of skilled labour in the construction sector with respect to recycling 
and reuse of C&D waste in the new construction.

•	 Lack of market competition between contractors due to the challenges men-
tioned earlier. If one of the contractors shows profit by implementing C&D 
waste management and implementation strategies in their project, that will 
inspire others to implement the same. When more contractors see the value, 
market competition will grow, thus facilitating effective utilization of C&D 
waste.

•	 Lack of enforcement of policies and legislation on C&D waste management 
measures by government bodies.

•	 Lack of interest from architects to use C&D waste in the new construction 
or minimize waste during the design stage.

Given the growth of the construction sector in India, it is imperative that the produc-
tion of C&D waste must increase manyfold. If proper C&D waste management mea-
sures are not adopted, it could pose a serious threat to environmental sustainability 
and public health. Government intervention in C&D waste management through 
strict rules and regulations is critical to achieve quantifiable results.

While C&D waste management measures are ongoing, a new construction tech-
nology such as concrete 3D printing is gaining a lot of attention. This technology is 
discussed in the following section.

3.7  CONCRETE 3D PRINTING TECHNOLOGY

Concrete 3D printing (C3DP) is an upcoming technology that involves the digital 
fabrication of concrete structures by eliminating formwork. In conventional rein-
forced concrete construction, formwork constitutes about 40% of the total budget 
of concrete. However, in C3DP technology, the formwork cost, associated labour 
charges, and time required for setting up formwork are eliminated [82]. While this 
technology facilitates the construction of highly customized buildings with complex 
designs, there are several challenges concerning scaling, material, and structural 
performance and its suitability to severe environmental conditions [83].
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Concrete 3D printers are controlled by a machine language called g-codes that 
directs the printer until the desired shape is printed. To implement C3DP on-site, 
the construction area is initially levelled, and the printer with nozzle and robotic 
arms are set up [84]. A hose is connected to the nozzle, through which concrete 
is extruded to form layers. In 2018, the first concrete 3D-printed fully functional 
house (Figure 3.7) was built at IIT Madras, in Chennai, India, by a startup called 
Tvasta [85]. This house was printed using a custom-made 3D printer and took just 
five days to complete. It showcased the potential of 3D printing technology for 
affordable housing solutions.

One of the challenging aspects of 3D-printable concrete is to maintain specific 
properties in its fresh state, such as reduced slump and fast hardening. Since there is 
no external formwork, the previously printed concrete layers support the subsequent 
layers, thus it is important for the deposited concrete layers to harden faster while 
still being extrudable through the nozzle [86]. With the increase in popularity of 3D 
printing technology, large-scale printing setups are being designed to build large 

FIGURE 3.7  3D-printed concrete house at IIT Madras.

Photo by Roshini Ramanathan, IIT Madras.
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concrete structures. However, the major challenge in upscaling this technology lies 
in the precise design of concrete mix that can maintain the required workability 
and buildability properties till the large component is printed [87]. Viktor et al. [88] 
developed the CONPrint3D concept for on-site monolithic 3D printing driven by 
the demands and boundary conditions of construction practice. The robotic arm 3D 
printer developed by Keating et al. [89] uses a multi-axis robotic arm that helps in 
navigating the printing nozzle.

Currently, several efforts are underway to upgrade the C3DP technology to pro-
duce reinforced concrete structures [87]. Cohen and Carlson [90] used the pointil-
listic time-based deposition (PTBD) method [91], contrary to using a conventional 
linear layering approach for printing. The steel or micro-cables are also being 
explored as reinforcement in 3D-printed elements. The reinforcement entrainment 
device is used to embed the steel cables into the concrete layers (RED) [92]. Hack 
and Lauer [93] proposed a digital fabrication method of building reinforced meshes 
and formwork simultaneously with printing.

Hambach et al. [94] added glass, basalt, or carbon fibres to concrete 3DP to increase 
the flexural strength to 30 MPa, and Gebhard et al. [95] explored the entrainment of 
fibres in the concrete 3DP process. They emphasized that, unlike conventional FRC 
mix design, fibres in 3D printable concrete need to be re-engineered with short fibres 
to ensure pumpability.

While different reinforcement systems are being explored on the one hand, 
research on less-carbon-intensive alternate material systems is being explored 
on the other hand. Geopolymer and alkali-activated materials are being widely 
explored as mixes for use in concrete 3DP. Shantanu et al. [83] reported that the 
rapid hardening nature of geopolymer mixes can improve buildability properties 
without the chemical accelerators. Further, the conventional SEMs and limestone-
calcined clay cement (LC3) are also being explored to develop a mix suitable for 
C3DP [83, 96]. Shanthanu et al. [83] showed another way to reduce the binder 
content by using coarse aggregates in the printable concrete mix. While there are 
several challenges in terms of workability, extrudability, and buildability associ-
ated with the use of coarse aggregate, its economic feasibility and low CO2 foot-
print can be beneficial for large-scale 3D printing, particularly from a sustainability 
viewpoint.

A detailed cradle-to-gate life-cycle assessment (LCA) performed by Mohamed 
et al. [97] revealed that concrete 3D printing technology significantly reduces envi-
ronmental effects in terms of global warming potential, eutrophication potential, 
acidification potential, smog formation potential, and fossil fuel depletion, as com-
pared to conventional construction methods. While C3DP technology looks promis-
ing, further research is required to evaluate its long-term performance, and only a 
whole LCA from cradle-to-grave or cradle-to-cradle can help in evaluating its true 
sustainability potential. Nevertheless, C3DP is a perfect example of where the mod-
ern world of digitization integrates with the construction industry. However, with 
the dawn of the 21st century, new technologies like machine learning, automation, 
and robotics have engulfed various facets of the construction industry, which are 
discussed in the following section.
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3.8 � ROLE OF ARTIFICIAL INTELLIGENCE, ROBOTICS, AND 
AUTOMATION IN THE CONSTRUCTION INDUSTRY

Currently, we are in the fourth generation of the Industrial Revolution, commonly 
termed as Industry 4.0. The industrial sector is revolutionizing with the integra-
tion of new technologies such as the Internet of Things, cloud computing, artificial 
intelligence (AI), and machine learning. The construction industry is also gradually 
adopting these technologies in construction practices. This revolution in the con-
struction sector is commonly termed as construction 4.0.

The construction industry often experiences cost inefficiencies, delays in projects, 
poor performance in terms of health, productivity, and safety, uninformed decision-
making, and poor-quality performance [98]. Further, the rate of growth in the con-
struction industry is highly hindered because of the amount of work, labour, safety, 
quality, quantity, and specifications required in construction processes [98]. Most 
of these processes can be digitized and automated, leading to substantial savings in 
time and cost. Construction 4.0 is an amalgamation of trends and technologies that 
transform the way built environment assets are designed, constructed, and operated. 
There are three primary opportunities where digitization and automation can be 
used in construction industries [99]:

•	 Automation of traditional on-site tasks which are physical: this includes 
usage of robots for laying bricks, paving roads using machines, etc.

•	 Automation of modular construction which includes production in indus-
tries such as 3D printing of components for construction-like facades.

•	 Automation and digitalization of planning, design, and management 
procedures.

One question that pops up about the usage of AI, automation, and robots in the construc-
tion industry is “Will AI replace humans?”. The construction industry is the kind of 
industry where even a small change in any information/specification provided will lead 
to a significant impact on the task. So, there is always a need for human supervision 
to ensure everything goes on track. With the amount of work that lies in hand and the 
difficulties faced in each one of them, we can make maximum utilization of AI tools 
with minimum human supervision. The sophisticated collaboration of machines and 
human labour in automated construction creates a more intricate scenario than conven-
tional construction [100]. Robotics and automation technology can be highly beneficial 
in repetitive work such as bricklaying. The main advantage is that the task can be done 
with a lot more precision, accuracy, and safety. Quantifying and controlling productivity 
are essential for efficiently managing time and cost in construction [101]. For example, 
the tunnel boring machine (TBM) avoids problems with accuracy and tedious calibration 
processes by using the conventional laser station [99, 102]. This can also be extended to 
construction quality control, interference management, and data exchange in construc-
tion, development of new tools, schemes, and components in construction [103]. Hence, 
to answer the question, AI and other tools can be very beneficial to the construction sec-
tor provided one knows how to use these technologies properly and effectively.
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In recent times, robots have been used successfully in various construction activi-
ties such as 3D printing and contour crafting, demolition robots, bricklaying robots, 
drones, welding robots, forklift robots, robots for roadwork, and humanoid robots 
[104]. Research efforts are underway across the globe to integrate AI tools with vari-
ous construction processes. A computer vision (CV)-based textural analysis method 
is being researched where the images from a 2D camera are processed to quantify 
the textural variations on the surface of concrete 3D-printed layers [105]. Several 
machine learning tools are being explored for monitoring the structural stability in an 
automated construction through sensor measurements taken from the structure [106]. 
Small robots are being developed to perform repetitive and time-consuming work at 
construction sites, which can lead to savings in labour cost and time [107]. Further, 
investigations are underway to automate the work-sampling process for evaluating 
labour productivity [101], and automated progress monitoring using a photogrammet-
ric point cloud is being explored to track the construction activity [108].

While using AI tools, automation, and robotics in the construction sector is 
largely beneficial, it also comes with a few challenges, which include explainable AI, 
cyber security issues, talent shortage among labourers, and high initial costs. The 
successful implementation of AI and automation tools in construction will require 
efforts from the following three sectors [99]:

•	 The public sector should take steps to revamp the old education system to 
include current trends and emerging technologies.

•	 The private sector should focus on the skill development of labourers and 
workers in the construction industry.

•	 Industry partners should conduct boot camps and hackathons to help their 
employees transition from the conventional methods and train them to work 
with construction 4.0 technologies.

As new technologies related to construction 4.0 are emerging rapidly, it is very impor-
tant to assess their sustainability aspects in terms of social, economic, and environ-
mental viewpoints [109, 110]. Construction 4.0 technologies are at the early stage, 
and there is a need to further study and examine these technologies to understand 
their true impact on the society and environment, and for sustainable development.

While several emerging construction materials and technologies show promising 
attributes towards sustainable development in the construction sector, real change can 
happen only when these technologies are assessed properly on their impact on the social, 
environmental, and economic sustainability front. The technologies with positive impacts 
are then implemented at large scale. In this light, standards and policies imposed by the 
government have a significant role to play, which is discussed in the following section.

3.9 � SIGNIFICANCE OF STANDARDS AND POLICIES 
IN SUSTAINABLE CONSTRUCTION

Sustainability in construction can be truly achieved only when the technologies or 
ideas that cater to sustainable development are implemented on a large scale. While 
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there are many sustainable technologies coming up in the construction sector, they 
are relatively low compared to other industries. The people adopting sustainable 
technologies are classified into three major categories [111]: (1) government—federal, 
state, and local governments and related organizations, semi-government organiza-
tions, and political leaders; (2) for-profit and non-profit organizations—large business 
houses, multi-national corporations, community groups, media, trade organizations, 
etc.; and (3) individuals—general contractors, engineers, architects, owners, devel-
opers, sustainable building consultants, etc. However, the adoption of sustainabil-
ity principles and technologies by these three categories is particularly limited in 
the construction market. The major obstacles that limit sustainable construction are 
lack of interest from the investors, lack of training and knowledge on sustainable 
development and construction, conservatism in the education of architects and civil 
engineers, inadequate funding for research in this area, financial problems, and lack 
of a well-defined set of norms, standards, and sustainable construction practices that 
can be used in projects [112–115]. The government being the major player can bring 
transformational changes to enable sustainable construction by imposing standards 
and policies. Sustainable construction requires a holistic approach—starting from 
the design, construction, operation, and demolition to recycling and reuse of materi-
als, and significant changes in the overall organization of construction, both at the 
market and company level [112]. The government’s role in this aspect is critical as it 
develops and imposes policies that can influence the construction industry directly 
or indirectly. Not just at the industry level, government intervention can also play a 
dominant role in factors affecting energy efficiency, waste management, and climate 
change as well.

With respect to India, recognizing the importance of sustainable building in 
addressing environmental issues and fostering long-term sustainability, the govern-
ment has established certain rules and procedures to help achieve these goals.

These laws include encouraging green building certifications, upholding energy-
efficient construction codes, providing financial incentives and subsidies, boosting 
research and development, and enhancing skill development. Some of the organiza-
tions within India related to policies are:

(1)	 The National Institution for Transforming India (NITI) Aayog is a pol-
icy think tank of the Indian government that provides inputs regarding 
the different programs and policies of the government. Some of their key 
functions include policy formulation, monitoring, and evaluation, and 
sustainable development goals. A few NITI Aayog policies are: (a) Atal 
Innovation Mission (AIM), which is an initiative to create and promote a 
culture of innovation and entrepreneurship in India; (b) Atal Bhujal Yojana 
for sustainable groundwater management; and (c) sustainable infrastruc-
ture development.

(2)	 The Ministry of Electronics and Information Technology (MEITY) is 
responsible for formulating and implementing policies related to informa-
tion technology, electronics, and the internet. They support work related to 
artificial intelligence (AI), augmented reality (AR) vs. virtual reality (VR), 
the internet of things, blockchain, robotics, computer vision, drones, etc.
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(3)	 The Indian Renewable Energy Development Agency (IREDA) facilitates 
the development and deployment of renewable energy technologies. This 
organization provides various financial assistance mechanisms such as 
loans, project financing, and consultancy services to renewable energy 
projects across different sectors, including wind energy, solar energy, bio-
energy, small hydropower, and energy efficiency.

(4)	 The Bureau of Energy Efficiency (BEE) is established under the Ministry 
of Power with an objective to promote energy efficiency and conservation 
across various sectors of the economy. BEE plays a crucial role in for-
mulating and implementing policies, programs, and initiatives to enhance 
India’s energy efficiency standards and practices. Under BEE, the Energy 
Conservation Building Code (ECBC) sets minimum energy standards 
for new residential buildings. The ECBC does not cover small residential 
buildings, whereas these buildings constitute a major part of the residential 
building sector in the country [10, 11].

(5)	 The Indian Green Building Council (IGBC) functions as a separate plat-
form for the promotion of green buildings. Its rating system, called the 
green building rating system, assesses the buildings across different 
parameters such as energy efficiency, pollution and waste reduction mea-
sures, use of non-toxic materials, indoor air quality, etc.

These government bodies are essential and play an important role in sustainable con-
struction in India. Further, the Ministry of Environment, Forest and Climate Change 
(MoEF&CC) of the Indian government formulated C&D waste management rules 
[75] in 2016, and the Ministry of Housing and Urban Affairs published a “Strategy 
for promoting processing of construction and demolition waste and utilisation of 
recycled products” in 2018 [116].

Strategies and policies play a major role in ensuring that the innovations entering 
the market are truly sustainable. They provide a structured framework and guide-
lines to make sure that all the requirements are met. They pave the way for the wide-
spread adoption and deployment of these technologies. They provide benchmarks 
for various aspects of sustainable construction, allowing various organizations to 
ensure that the requirements are met. The incentives provided by these policies will 
help more organizations move towards sustainability and create a healthy living 
environment, as market demand moves towards sustainable construction, and they 
lead to the development of new technologies that meet sustainable requirements. 
Standards and policies are the foundation of India’s journey towards sustainable 
construction. Policies also create quality control standards, ensuring that building 
projects adhere to necessary requirements. They make sure that the resources are 
conserved by the use of sustainable materials. By establishing rules for the procure-
ment and tendering processes, they encourage fair competition. Finally, policies 
reduce risk on the legal and financial fronts by establishing a framework for agree-
ments and dispute settlement.

In order to enable the adoption of sustainable construction-related technol-
ogy, standards and policies are crucial, and their importance cannot be overes-
timated. Standards and policies promote innovation, cooperation, and ongoing 
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development in sustainable construction practices by establishing a favourable 
environment. In the end, they play a critical role in developing a more resilient 
and sustainable built environment for future generations.

3.10  SUMMARY AND CONCLUSION

Sustainable construction technologies play a pivotal role in addressing environmen-
tal concerns, reducing resource consumption, and promoting the long-term viability 
of the construction industry. This chapter gives an overview of research, innovation, 
application, and implementation efforts that are being carried out in different facets 
of the construction sector to achieve sustainability. Several construction materials 
and technologies are emerging to promote sustainability in construction. However, 
the sustainability potential of any component or technology can be established 
only by performing a life-cycle assessment (LCA). With respect to the construction 
industry, quantifying embodied and operational carbon in the different stages of 
the building life cycle is essential. With respect to sustainable construction materi-
als, the use of supplementary cementitious materials (SCMs) is one of the focus 
areas, as the production of Portland cement is a major contributor to CO2 emissions 
in the environment. Some of the widely used SCMs include fly ash, ground granu-
lated blast furnace slag, and limestone calcined clay cement (LC3). Another way to 
reduce carbon-intensive cement is by constructing thin and lightweight structures 
that consume less material. Fibre-reinforced concrete and textile-reinforced concrete 
are high-performance materials that enable the construction of thin and lightweight 
structures. Further, the construction industry generates large amounts of waste dur-
ing C&D of structures. It is estimated that about 75% of C&D waste which goes 
into landfill has residual value. Several research efforts are in place to utilize C&D 
in new construction, and guidelines and standards are coming up to promote C&D 
utilization. For sustainable construction, waste minimization, recycling, and reuse 
are very important. Currently, the construction industry is revolutionizing with digi-
tization, artificial intelligence, automation, and robotics technologies, all of which 
are commonly termed as construction 4.0. Several technologies are emerging with 
automated systems leading to less human intervention such as 3D printing technol-
ogy, brick-laying robots, surface finish robots, and drones. While these technolo-
gies are largely beneficial, they come with the challenges of cyber security issues, 
explainable AI, talent shortage among labourers, and high initial cost. Further, it is 
important to perform the LCA of construction 4.0 technologies to truly understand 
their sustainability potential and the long-term effects on society. In spite of the 
promising developments, real change can happen only when these technologies are 
assessed properly on their social, environmental, and economical sustainability and 
subsequent implementation of the ones with a positive impact at a large scale. In 
light of this, standards and policies imposed by the government play a significant 
role. Standards and policies provide a comprehensive roadmap for incorporating sus-
tainable practices into the building industry. They help establish a unified approach 
by defining common guidelines, procedures, and benchmarks for sustainable con-
struction. They also encourage consistency and dependability in the use of sustain-
able technology, ensuring that projects achieve their social and environmental goals. 
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Thus, a holistic approach of combining research, innovation, and policies is the way 
forward towards achieving sustainable construction.
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4.1  INTRODUCTION

Ecological resilience refers to the capacity of an ecosystem to withstand disturbances 
with the potential to alter the inherent nature of natural landscapes. Alterations in 
the structure of the landscape due to unplanned developmental activities have been 
affecting the ecosystem process, evident from the presence of barren hilltops, retreat 
of native forests, and alterations in the hydrologic regime with the conversion of 
perennial streams to intermittent or seasonal streams (Nilsson and Grelsson, 1995). 
Mismanagement of ecologically sensitive regions (ESRs) leads to loss of biodiversity, 
induces water and food insecurity, frequent occurrence of floods and droughts, and 
decline of ecosystem services, which negatively impacts the livelihood of dependent 
communities. Mapping of ESRs by considering bio-geo-climatic, ecological param-
eters with social aspects and assigning weights based on the extent and condition of 
these factors is essential for development planning (Gadgil et al., 2011; Ramachandra 
et al., 2018). Utilizing biophysical and socio-economic information for regional plan-
ning empowers decision-makers to address challenges to ensure the sustenance of 
natural resources (Watson et al., 2011a; Asare et al., 2013; Villegas-Palacio et al., 
2016). Identification of sensitive regions through the integration of multi-disciplinary 
information corresponding to biotic and abiotic components of an ecosystem is a 
widely accepted practice for the conservation of biodiversity (Myers et al., 2000).

Globally, forest ecosystems cover 4.06 billion hectares, representing 31% of the 
total landscape, with tropical forests covering 45% of the global forests, followed 
by the boreal, temperate, and subtropical and five countries (Brazil, Canada, China, 
United States of America, and Russian Federation), consists of 54% of the global 
forest cover (FAO, 2020). The decline of forests is attributed to the expansion of 
croplands, pastures, plantations, and urban areas (FAO, 2010) with industrialization 
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and globalization. Globally, forest ecosystems occupied 2.5 million ha (1999–2000), 
which has reduced to 1.7 million ha at the rate of 2% per annum (FAO, 2011). India 
shares only 2.4% of the global land area and is home to 7–8% of the recorded spe-
cies of the world (Goyal and Arora, 2009). Human-induced processes have a nega-
tive effect on forests and ultimately cause the depletion of natural resources, global 
warming, mass extinction, and biodiversity loss (Shivanna, 2022; Rockström et al., 
2009).

The Western Ghats (WG), spanning from the Tapti valley in southern Gujarat to 
Kanyakumari in Tamil Nadu, for about 1600 km and area coverage of 160,000 km2 
with an exceptional biodiversity, endemism, and diverse ecosystems, constitute one 
of the eight hottest global biodiversity hotspots and one among 36 global biodiversity 
hotspots (Ramachandra et al., 2018; Chandran, 1997; Gadgil et al., 2011; Aravind  
et al., 2008). WG supports the livelihood of 400 million dependent population 
through provision of food, fodder, water (drinking, commercial, agriculture, and 
industry), and mitigating global warming through sequestration of carbon, etc. 
(Molur et al., 2011).

Karnataka federal state in India is endowed with native forests, perennial rivers, 
water sources, and rich mineral reserves. Forests occupy the second-largest portion 
of land usage after agriculture, with substantial areas designated as reserve forests 
in the state. The invaluable water resources encompassing rivers, lakes, and various 
water bodies are of irreplaceable significance. Forest is defined as an expanse of land 
covering over 0.5 hectares, characterized by trees higher than 5 meters in height 
and a canopy coverage exceeding 10%, and it also encompasses trees capable of 
meeting these criteria in their natural location (FAO, 2020). Forest ecosystems per-
form pivotal functions in sustaining the ecological cycle, hydrological balance, and 
mitigating climate change, which are essential to achieve Sustainable Development 
Goals (SDGs).

The Malnad region of the WG is a geographically diverse landscape, which 
holds significant potential for driving ecological, biological, economic, and social 
processes. It is enriched by its abundant natural resources and topographical varia-
tion. The region’s landscapes are conducive to extensive horticulture activities, with 
the production of arecanut and coffee. Malnad spans across Belagavi, Shivamogga, 
Hassan, Chikkamangaluru, Kodagu, and portions of Udupi, Dakshina Kannada, 
and Uttara Kannada districts in Karnataka. Major commercial hubs such as Sagara, 
Sirsi, Yellapur, Sringeri, Koppa, Teerthahalli, Siddapura, Sakaleshpura, Moodugere, 
Balehonnur, Narasihmarajapura, and Aldur contribute to the region’s business vital-
ity. Noteworthy towns within the coffee-growing belt include Chikkamangaluru, 
Madikeri, Sakaleshpura, and Somavarapete. Additionally, the forests of Malnad 
also play a crucial role in providing various ecosystem services such as regulating 
the microclimate, recharging groundwater, preventing soil erosion, and conserving 
habitat for wildlife. Bababudangiri Hills, B.R. Hills, Malemahadeshwara Hills, and 
Gopalswamy Hills are the major areas in the Malnad range with an abundance of 
wildlife.

There have been substantial alterations in rainfall distribution due to large-scale 
land use changes, deforestation, soil degradation, etc. Land use and land cover 
(LULC) change resulted in alteration in the climate regime has altered the abundance, 
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distribution of species, diversity, and interactions among species (Davison et al., 
2021; Oliver and Morecroft, 2014; Lambin et al., 2003), which will ultimately lead to 
habitat loss and species extinction. Habitat loss is the primary reason for the extinc-
tion of several species due to exacerbating anthropogenic activities (Ceballos et al., 
2017; Hanski, 2011). Nevertheless, climate change has impaired the dependability 
and predictability in the region’s crucial ecological occurrence of rainfall. Land use 
change has substantial effects on carbon sources and sinks, drives habitat loss, and 
serves as the foundation of food production (Ramachandra and Bharath, 2021).

Land use changes during the last six decades has impacted almost one-third (32%) 
of the world’s total land area (Winkler et al., 2021). Prudent management of natural 
resources is quintessential for addressing global challenges related to sustainability, 
such as climate change, biodiversity loss, and food security (Mariye et al., 2022; 
Pacheco et al., 2018; Alam et al., 2020; Tan et al., 2020; Bharath et al., 2013; Aithal 
et al., 2013; Turner, 1997; Jiyuan et al., 2002; Aithal and Ramachandra, 2016).

Unregulated land use changes within the forest ecosystem, resulting in the frag-
mentation of contiguous native forests into smaller, isolated patches, is known as 
forest fragmentation (Riitters et al., 2002; Young and Boyle, 2000; Laurance et al., 
2002; Harper et al., 2005; Ramachandra et al., 2016). The process of forest fragmen-
tation has been intensified by the edge effect caused by various development projects 
such as linear projects, which has led to the loss of connectivity and continuity of 
the natural forest (Ramachandra et al., 2016; Wade et al., 2003; Ramachandra et al., 
2018; Cagnolo et al., 2006). These consequences include disturbances in hydrologi-
cal patterns, biodiversity loss, modifications in microclimates, increase in vulner-
ability to fires, increase in instances of human-animal conflict, reduction in carbon 
sequestration potential, and increased carbon emissions (Riitters et al., 2000; Bharath  
et al., 2014; Houghton and Nassikas, 2017; Harper et al., 2007; Vinay et al., 2013). 
The degradation of the forest ecosystem has negatively impacted the ecosystem’s 
goods and services.

Ecosystem services refers to the direct or indirect benefits humans derive from 
ecosystems for livelihoods and survival (De Groot et al., 2012; Costanza et al., 1997; 
Gomez-Baggethun and Barton, 2013; Silvestri et al., 2013). These benefits or ser-
vices include provisioning (food, fodder, fuelwood, timber, etc.), regulating (ground-
water recharge, carbon sequestration, biological control, air purification, etc.), and 
cultural services such as aesthetic, culture, recreational, education, etc. (Shivanna, 
2020; Ouyang et al., 2020; Hasan et al., 2020; Liu et al., 2010). The degradation of 
ecosystems erodes the ecosystem process affecting the function and resilience of 
ecosystems, which pose a serious threat to the sustenance of ecosystem services 
(Carpenter et al., 2006; Tolessa et al., 2017). Diverse anthropogenic activities and cli-
mate change have had adverse effects on ecosystem services (De Groot et al., 2010; 
Scott et al., 2017; Ramirez-Gomez et al., 2015; Nunez et al., 2019; Fu et al., 2015; Fu 
et al., 2017; Li et al., 2007). LULC changes are driven by unplanned developmental 
activities coupled with the burgeoning resource demand of an increasing population, 
leading to higher exploitation of natural resources (Tan et al., 2020; Foody, 2003; 
Amini et al., 2022; Arowolo et al., 2018) with the continuous alteration, degradation, 
and transformation of ecosystems (Basse et al., 2014; Keshtkar and Voigt, 2016; 
Bharath et al., 2013; Tilman and Lehman, 2001).
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Integration of spatiotemporal, biophysical, socio-cultural, etc. considerations 
in the decision-making criteria would enhance efficacy (Lombardi et al., 2017). 
Multiple criteria decision analysis (MCDA) systematically supports decisions by 
accounting diverse factors, their value judgments, and relative importance for the 
local sustainable transitions (Moghadam et al., 2018). Decision-making in addressing 
semi-structured spatial decision challenges and landscape visualization (Armstrong 
and Densham, 1992; Wan, 2009; Karnatak et al., 2007) could be achieved through 
a web-based spatial decision support system (SDSS). Geoinformatics (geographic 
information system) facilitate structured data organization, spatial database man-
agement, spatial analyses, analytical modelling, and visualization, coupled with the 
domain expertise (Ramachandra et al., 2017; Moghadam et al., 2019) would aid in 
decision-making to ensure sustainable development with the conservation of ecolog-
ically fragile regions while supporting the livelihood of people (Jankowski, 2009).

4.1.1 O bjectives

Objectives of the current endeavour to visualize ecologically sensitive regions at 
disaggregated levels are as follows:

1.	 Quantification of land use land cover (LULC) dynamics using temporal 
remote sensing data with the machine learning approach

2.	 Assessment of spatial patterns of forest degradation through computation of 
forest fragmentation metrics

3.	 Predication of likely land uses using the CA-Markov method
4.	 Prioritization of eco-sensitive regions (ESRs) at disaggregated levels based 

on landscape dynamics, ecological, geo-climatic, hydrological, renewable 
energy, and social characteristics

5.	 Visualization of ESRs at disaggregated levels (villages) through the spatial 
decision support system (SDSS).

4.2  MATERIALS AND METHOD

4.2.1 S tudy Area

The Hassan district, with a spatial extent of 6826.15 km2, is situated between 
12°13´N and 13°33´N and 75°33´E and 76°38´E across three physiographic regions 
(Figure 4.1) from east to west: Malnad, Semi Malnad, and Maidan in the southern 
part of Karnataka (Hassan District Disaster Management Plan, 2011–12). The dis-
trict spreads across 116 kilometres east and west, and 129 kilometres north to south 
and has Tumakuru district in the east, Mysuru district in the south, Chikamagaluru 
district in the north, and in the west, the Western Ghats forms a boundary with the 
district of Dakshin Kannada. The district has 8 Taluks with 38 hoblies, 2369 inhab-
ited villages, and 183 uninhabited villages: Alur Taluk (432 km2), Holenarasipura 
Taluk (602 km2), Arakalagud Taluk (675 km2), Belur Taluk (845 km2), Hassan Taluk 
(942 km2), Sakaleshapura Taluk (1034 km2), Channarayapatna Taluk (1044 km2), 
and Arasikere Taluk (1271 km2).
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FIGURE 4.1  Study area.
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The western part of this district is the ‘Malnad’ area, which is an undulating 
forested hilly area of the Western Ghats. The important peaks in this region are 
Pushpagiri or Subramanya (1715m), Devarabetta (1282m), Murukanagudda (1300m), 
and Jenukal-betta (138m). The eastern part of the district is the ‘Maidan’ area, which 
denotes the plain region.

There are two main rivers in the district named Hemavathi and Yagachi. Other 
rivers like the Gundiya, Kaveri, Vateholé, Ethinaholé, Ganadaholé, and Kempuholé 
keep flowing throughout the year. The notable dams in this district are Gorur Dam 
(Gorur Hassan Taluk), Yagachi Dam (Belur Taluk), Vateholé Dam (Belur Taluk), and 
Sri Ramadevara Katte (Holenarasipura Taluk).

The district is a part of the Precambrian terrain. The major lithological units are 
granitic gneiss, granulites, granites, Dharwarian schists, and dyke rocks. The most 
important rock formation of the district is the Nuggehalli and Holenarasipura Schist 
Belt. These two schist belts host several mineral deposits like chromite, titaniferous 
magnetite, chalcopyrite, kaolin, asbestos, quartz, etc.

Soils in the district are very fertile, and the main soil types are red soil, red sandy 
soil, mixed soil, and silty clay soil. The soils in the western taluks are derived from 
granites, laterites, and schists. These soils are shallow to medium in depth, and the 
colour changes with depth from red at the surface and red and yellow mottles at 
depth. The soils are suitable for horticulture crops. In parts of the Arsikere taluk, 
black soils are also seen locally. There are four agroclimatic zones in the Hassan 
district, which are hilly zone, central dry zone, southern dry zone, and southern 
transition zone.

The average annual rainfall of the district is 1031 mm. The rainfall during the 
southwest monsoon season (from June to September) constitutes 59% of the annual 
rainfall. February and March are the driest months of the year, when the relative 
humidity in the afternoon is less than 35%. Temperature ranges from 11.68°C to 
39.07°C in the district.

The western part of the district is a part of Western Ghats that is covered in 
evergreen forest. The major portion of the forest is located in the Sakleshpura taluk. 
The Kabbinale State Forest in the taluk ranks among the biggest forest plantations 
in the State. There are four types of forest, namely evergreen, moist deciduous, dry 
deciduous, and scrub.

As per the 2011 Census, the population of the Hassan district is 1,776,421. The 
male-female ratio is 1000:1010. The population density of the district is 251 persons 
per sq. km. Hassan taluk has the highest population density (385 persons per sq. 
km). The rural population is 1,399,658 (78.79%) and the urban population is 376,763 
(21.209%). The decadal growth rate is 18.86%. The literacy rate in the district is 
76.07. The SC and ST populations of the district are 345031 and 32329 respectively.

The total district GDP was 6612 crore Rs (2.2% contribution) in 2014–2015. The 
agricultural sector contributes 4.3% and industries contribute 1.7% of the GDP in 
the district. In the year 2012–2013, the per capita annual income of the district was 
Rs. 53,000.

The district has two important ghat roads, which connect the eastern plains with 
the places beyond the Western Ghats. The district has a total road length of 8,897 
km. (National Highway 168 km and State Highway 813 km). The district has a total 
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rail length of 246 km. Arsikere and Hassan are the important railway junctions of 
the district.

4.2.2 method

Figure 4.2 outlines the protocol adopted for visualizing ESRs at disaggregated levels 
in the Hassan district, Central Western Ghats. Temporal Landsat data from 1973 to 
2021 were used to identify landcover dynamics through the spatial extent of vegeta-
tion cover, which was calculated using the Normalised Difference Vegetation Index 
(NDVI) (Equation 1).

 NIR  Red
NDVI   (1)

 NIR  Red  

The different land use types were identified using the French Institute Forest map of 
South India (Pascal, 1993), the Survey of India toposheet (1:50000), high-resolution 
spatial data (Google Earth), published literature, and reports of the study area. The 

FIGURE 4.2 Protocol for delineating ESR at disaggregated levels.
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land use analysis was performed using Landsat MSS (1973), Landsat TM (1998), 
Landsat ETM+ (2005), and Landsat OLI (2013 and 2021) spatial data integrated 
with field data. The remote sensing data was pre-processed with geometrical and 
radiometric rectifications and projected to UTM43N/WGS84 projection (Kennedy 
et al., 2009). Landsat ETM+ bands of 2005 were corrected using image enhancement 
techniques to resolve SLC line error, followed by nearest-neighbour interpolation.

The land use analyses were carried out using a supervised machine learn-
ing classifier—Random Forest (RF) (Breiman 1996) in the Google Earth Engine 
Platform (earthengine.google.com), considering several decision trees on various 
subsets of the given dataset and average value to improve the predictive accuracy 
of that dataset. The random forest algorithm is designed to take the prediction from 
each tree, and based on the majority votes of predictions, for the prediction of the 
final output. RF uses bagging or bootstrap aggregation, which chooses a random 
sample from the dataset to generate individual models from the samples (bootstrap 
samples) provided by the original data with a replacement. Bagging enhances classi-
fication accuracy, offering improved estimations of the combined ensemble’s gener-
alization error from multiple trees. Additionally, it measures the individual strength 
of each tree and assesses the correlation among the diverse trees.

The analyses are done in the following method: (a) identification of heterogenous 
patches in the landscape through false colour composite (FCC) using spatial data of 
green, red, and NIR wavelengths; (2) digitization of training polygons correspond-
ing to the select heterogeneous patches, covering 15% of the study area and are 
uniformly distributed over the entire study area); (3) collection of the attribute data 
(land use types) for these polygons from the field (Figure 4.3) using a handheld pre-
calibrated global positioning system (GPS), online virtual spatial data portals, and 
published reports; and (4) 70% of the training data has been used for supervised 
classifier based on RF algorithm, and the remaining 30% of training data is used for 
validation or accuracy assessment.

Condition of the forest was quantified through fragmentation metrics such as 
patch, transitional, edge, perforated, and interior (Riitters et al., 2000) through com-
putation of Pf (the proportion of forest pixels in the window) and Pff (the propor-
tion of all adjacent or cardinal pixel pairs that include at least one forest pixel, for 
which both are forest pixels), considering 3×3 kernel. A pixel is categorized based 
on the type of fragmentation, and the result of the kernel is stored at the location of 
the centre pixel (in the derived map), which represents fragmentation around the 
corresponding forest location (Ramachandra et al., 2013). A pixel is categorized as 

interior (Pf=1), perforated forest (for pixels with Pf > 0.6 and (P Pf ff ) < 0), edge for-

est (Pf > 0.6 and (P Pf ff ) > 0), transition (pixels with Pf <0.6 and Pf >0.4), or patch 

forest (with pixels Pf < 0.4). Non-forest pixels include pixels other than forests with 
anthropogenic land use areas.

Prediction of likely land uses in the next 20 years has been done using the 
Integrated CA-Markov model, which can accurately simulate and predict future 
conditions by its dynamic explicit simulation efficiency (Rimal et al., 2018). The 
spatial transition probability (equation 2) is obtained based on the Markov process, 
which determines the likelihood of a pixel changing from an LU category to other 

http://earthengine.google.com
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categories during time 1 to 2 from cross-tabulation of the two images adjusted by the 
proportional error, and is translated into a set of probability images, which records 
the number of cells or pixels that are expected to change over the next time period.
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where Pij = the transition probability of land-use changes from one class to another, 
and n = land-use type.

Cellular Automata (CA) is used to simulate and predict LU based on transition 
potential. The CA model consists of state, cell and cell space, neighborhood, rule, 

FIGURE 4.3  FCC of Hassan with GPS points collected from the field.
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and time in case of land use transformation, the cell represents the cells of the LULC 
class, and the class represents itself as a state. A discrete dynamic function of CA 
consists of four elements expressed by equation 3:

CA l  , , ,   � (3)

where l = physical environment and discrete lattice, Σ = the set of possible states, η = 
the neighborhood of a cellular automaton, and δ = local transition rule.

The efficiency of the model depends on the neighborhood size, the state of test 
pixels, and transition rules. Von Neumann’s 5 × 5 filter was used for modelling. 
Water bodies were taken as a constraint for simulation. Validation was carried out by 
comparing the simulated land use map against the actual land use map using Kappa 
Statistics. The model was calibrated by varying the input variables in order to achieve 
higher accuracy. The calibrated model was used to predict and visualize the land use 
change pattern for the years 2030 and 2038.

Prioritization of ESRs: Ecologically sensitive areas (ESRs) refer to areas with 
high sensitivity and fragility based on the environmental and ecological aspects, 
where anthropogenic activities can cause disturbance in the natural structure of 
the biological communities and natural habitats. Prioritizing regions at disag-
gregating levels entails an integrated assessment of environmental and ecologi-
cal parameters through assignment of a weightage metric score, which requires 
knowledge of multi-disciplines (Termorshuizen and Opdam, 2009). The study area 
is divided into 5’ × 5’ grids (9 km × 9 km) equivalent to a grid in the Survey of India 
topographic maps of 1:50000 scale to calculate the ESRs. Grid-based (disaggre-
gated level) mapping is a standardized approach to spatial data collection that effi-
ciently compiles large datasets, where the output can be consistently and efficiently 
comprehensible. Each grid was given a value according to its landscape structure 
(ecosystem extent and condition), ecological, geo-climatic, hydrological, energy 
availability, and social characteristics. These data were collected from published 
scientific literature, published datasets (Karnataka Forest Department), adminis-
trative reports, and field surveys.

Landscape dynamics essentially involved the assessment of spatial extent of for-
est cover and interior contiguous forests. Ecology consists of flora, fauna biomass, 
number of species, Shannon’s diversity, protected areas under reserve forests, con-
servation areas, sacred groves, etc. Geo-climatic parameters refer to the various geo-
logical and climatic parameters such as rainfall, elevation, slope, soil, agroclimatic 
zones, and lithology. Hydrological parameters include drainage density, stream flow, 
and the presence of a reservoir. The prospect of renewable energy like solar, wind, 
and bioenergy has also been considered. The social aspects included population 
density, the presence of forest dwellers, and livestock density. Finally, a weightage 
matrix based on equation 4 was used to generate weights for each variable, consider-
ing the relative significance of various themes:

Weightage WV
i

n

i i



1

� (4)
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where n is the number of variables, Wi is the weight associated with criterion i, and Vi 
is the associated value with criterion with that criterion.

An indicator defines each criterion mapped to a value normalized from 10 to 1. 
The value 10 corresponds to a very high priority for conservation. The values 7, 5, 
and 3 correspond to high, moderate, and low levels of conservation, respectively. 
Themes include forests (10: >60% forest cover, 8: 45–60%, 6: 30–45%, 4: 15–30%, 
and 2: <15%), interior forests (10: >60% interior forest cover, 8: 45–60% interior for-
est cover, 6: 30–45%, 4: 15–30%, and 2: <15%).

The ecology theme covers biomass, carbon (Gg) (10: > 1200, 8: 900–1200, 6: 
600–900, 4: 300–600, and 2 for grids with < 300), Shannon’s diversity (10 for 
grids having Shannon’s diversity > 2.5, 8: 2–2.5, 6: 1.5–2, 4: 1–1.5, and 2: <1), 
number of species of flora and fauna (0: absence of any species, 2: < 50, 4: 50–100, 
6: 100–150, 8: 150–200, 10: > 200), 10 for grids with endangered or threatened 
species, and 8 for endemic species, 10 for grids covering Mysore elephant reserve, 
and protected areas.

Within the context of the geo-climatic theme, the study has taken into account 
various factors including altitude (10:>750 m, 8: 500–750, 6: 250–500, 4: 100–250, 
2: < 100), slope (10: > 30%, 8: 15–30%, 6:10–15, 4: 5–10, 2: <5%), rainfall (10: >2400 
m, 8: 1800–2400, 6: 1200–1800, 4: 600–1200, 2: <600), agroclimatic zones (10: hot 
moist sub-humid, 8: hot dry sub-humid, 6: hot dry semi-arid, 4: arid, 2: hot dry arid), 
lithology (10: for grids in deccan trap, 8: Dharwars or granite, 6: Peninsular Gneiss, 
and 4: Charnokites), and soil type (10: grids with loamy or clayey soil, 8: loamy or 
clayey skeletal soil, 6: fragmental or rocky outcrops, 4: sandy or sandy skeletal soil 
types, and 2: coarse loamy soil).

The hydrological theme encompasses considerations of stream flow (10: streams 
having water all 12 months; 8: 8 months, 6: 6 months, 4: 5 months, and 2: dur-
ing monsoon), stream density (10: grids having stream density >2.5, 8: 2–2.5, 6: 
1.5–2, 4: 1–1.5, and 2: 0.5–1), and reservoir (presence of dam: 10, absence of dam: 0) 
parameters.

Renewable energy potential is accounted considering solar (grids having solar 
potential > 6.5 kWh/m2), bioenergy (10 for grids with potential of > 600 MKcal, 8: 
400–600, 6: 200–400, 4: 100–200, 2: < 100), and wind energy (10 for grids with 
wind speed 4 m/sec, 8: 3.5–4, 6: 2–3.5, 4: 1.5–2, and 2: <1.5m).

Social theme includes population density (10: for grids with a population density 
> 100 persons/km2, 8: 100–250, 6: 250–500, 4: 500–1000, and 2: >1000), livestock 
density (10: < 1m, 8: 1–1.5, 6: 1.5–2.25, 4: 2.25–3.5, and 2: >3.5), and the presence of 
tribes (10 for grids having tribal population).

Prioritizing ESRs at disaggregated levels through weights (based on the rela-
tive significance of chosen parameter) provides an objective and transparent sys-
tem of combining multiple datasets together as per the framework widely adopted 
(Beinat, 1997), and application of geoinformatics stands out as the novelty of the 
approach.

The aggregated weight for each grid is computed, and grids are grouped into 
four groups based on mean and standard deviation of aggregates, which aided in 
identifying various levels of fragility. ESR1 represents ecologically highly frag-
ile and requires strict conservation measures. ESR2 is as good as ESR1, requiring 
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stringent measures to minimize degradation. ESR3 represents a moderate conserva-
tion region, and ESR4 represents less fragility.

Spatial Decision Support System (SDSS): Visualization of ESRs is done 
through the web-based SDSS. The database of SDSS consists of the geospa-
tial data and attribute information. Geo-rectified data layers are stored in the 
PostgreSQL database. The Geo-server with services such as Web Mapping 
Service (WMS), Web Feature Service (WFS), and Web Coverage Service (WCS) 
is customized for inclusion of all chosen input layers. Symbology or styles are 
encapsulated in the Styled Layer Descriptor (SLD) format for each classification 
of data to ensure visualization and differentiation while allowing for consis-
tent and coherent portrayal. Subsequently, application programming interfaces 
(APIs) are configured for facilitating data access from Geo-server. In this con-
text, Leaflet, a versatile JavaScript library, is employed as the backend applica-
tion to harness the Geo-server APIs to access, compile, and effortlessly present 
data layers alongside dynamic base layers. An interactive webpage is developed 
by utilization of Leaflet and hosted on an Apache server, which aid as the inter-
face for end users to access and visualize the data. It offers an array of interactive 
features, including zoom-in, zoom-out, visualization, differentiated layer styles, 
map manipulation, and the ability to click on vector features for pop-up informa-
tion. SDSS demonstrates the flawless integration of various technologies, which 
provide a powerful platform for geospatial data exploration, visualization, and 
utilization.

4.3  RESULTS

4.3.1 L and Cover

The Hassan district is very rich in agricultural and horticultural resources due to 
suitable climatic conditions of hot-dry-semi-arid and Sahyadri agroclimatic zones 
and fertile soil (Basavaraja et al., 2017). The analysis showed that vegetation cover 
of 2980.37 km2 (43.69%) in 1973 has increased to 4393.19 km2 (64.4%) by 2021, and 
the results listed in Table 4.1 and Figure 4.4 show land cover dynamics. The increas-
ing trend of agricultural cropland and horticultural land resulted in the inclination 
of vegetation cover of the study area. As the fallow land and open spaces were con-
verted into croplands, horticultural lands, agroforestry, and forest plantation, the area 

TABLE 4.1   
Land Cover Analysis of Hassan from 1973 to 2022

Land Cover (NDVI) 1973 1998 2005 2013 2021
Non-vegetation sq. km 3841.57 3187.37 2878.47 2815.65 2428.75

%   56.31 46.72 42.19 41.27 35.60

Vegetation sq. km 2980.37 3634.57 3943.48 4006.29 4393.19

% 43.69 53.28 57.81 58.73 64.40
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FIGURE 4.4  Land cover analysis of Hassan from 1973 to 2022.
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TABLE 4.2   
Land Use Analysis of Hassan from 1973 to 2021

Land Use 1973 1998 2005 2013 2021
Evergreen sq. km 748.47 446.12 348.29 300.57 201.73

% 10.97 6.54 5.11 4.41 2.96

Shola sq. km 44.42 32.68 42.74 46.33 30.97

% 0.65 0.48 0.63 0.68 0.45

Deciduous sq. km 143.42 117.41 112.03 107.84 93.96

% 2.1   1.72 1.64 1.58 1.38

Scrub sq. km 73.28 47.47 48.36 46.66 59.29

% 1.07 0.7 0.71 0.68 0.87

Water sq. km 118.19 171.64 218.19 126.21 131.29

% 1.73 2.52 3.2 1.85 1.92

Agriculture sq. km 3551.53 2759.7 2465.37 2636.93 2124.72

% 52.06 40.45 36.14 38.65 31.14

Horticulture (plains) sq. km 1635.33 2284.7 2400.45 2324.96 2373.18

% 23.97 33.49 35.18 34.08 34.78

Horticulture (hills) sq. km 235.85 610.94 826.41 842.65 1276.98

% 3.46 8.95 12.11 12.35 18.72

Built-up sq. km 36.41 109.04 113.77 137.11 247.61

% 0.53 1.6 1.67 2.01 3.63

Open sq. km 199.65 174.44 173.46 164.92 187.92

% 2.93 2.56 2.54 2.41 2.75

Plantation sq. km 35.98 68.38 73.37 88.27 94.9

% 0.53       1 1.08 1.29 1.39

under non-vegetation shows a decline from 56.31% (3841.57 km2) in 1973 to 35.6% 
(2428.75 km2) in 2021.

4.3.2 L and Use

Temporal land use analyses were performed to understand land use transitions from 
1973 to 2021, and category-wise land use transitions are provided in Table 4.2 and 
Figure 4.5, which highlight a decrease in forest cover from 14.79% (in 1973) to 
6.44% (in 2021). The district has an evergreen forest cover with shola forest on its 
eastern side, and some part of the district is covered by dry deciduous and scrub 
forest (Dudani et al., 2010). Temporal land use analyses revealed the degradation of 
evergreen forests from 10.97% (748.47 km2 in 1973) to 3.72% (254.08 km2 in 2021). 
Besides evergreen forest, shola forest cover decreased from 0.65% (44.42 km2) in 
1973 to 0.45% (30.97 km2) in 2021. Similarly, the deciduous forest also degraded 
from 2.1% (143.42 km2) in 1973 to 1.38% (94 km2) in 2021. Also, the area under 
scrub forest was 1.07% (73.28 km2) in 1973 and decreased to 0.89% (60.62 km2) in 
2022.
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FIGURE 4.5  Land use analysis of Hassan from 1973 to 2021.
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Forest plantations of acacia, eucalyptus, teak, and other monoculture plantations 
have increased from 0.53% (3.98 km2) in 1973 to 94.91% (439.66 km2) in 2021.

Approximately 1.73% (118.19 km2) of the district was covered by water bodies 
like the Hemavati and Kaveri Rivers in 1973. In the 1990s, reservoirs such as the 
Hemavathi Dam, Yetihole Dam, and Yagachi Reservoir were built, which increased 
water availability in the district. The water bodies comprised 2.52% (171.64 km2) in 
1998, 3.2% (218.19 km2) in 2005, 1.85% (126.21 km2) in 2013, and 2% (136.36 km2) 
in 2021.

The economy of the Hassan district is based on its agricultural and horticul-
tural activities, evident from the fact that 52.06% (3551.53 km2) of the district was 
under agricultural lands in 1973. Then, due to increased water availability, con-
version of agricultural lands to horticulture was practiced predominantly in the 
region. The total area under agriculture was 40.45% (2759.7 km2) in 1998 to 34.24% 
(2335.9 km2) in 2021. The area under horticulture of coconut, arecanut, and differ-
ent fruits and vegetables increased from 23.97% (1635.33 km2) in 1973 to 38.53% 
(2628.82 km2) in 2021. Horticulture of coffee, black pepper, and other cash crops 
has also increased, which covered 3.46% (235.85 km2) in 1973, 8.95% (610.94 km2) 
in 1998, 12.11% (826.41 km2) in 2005, 12.35% (842.65 km2) in 2013, and 12.39% 
(845.44 km2) in 2021.

The district has experienced continuous urban growth, which led to an increase 
in built-up area from 0.53% (36.41 km2) in 1973 to 1.6% (109.04 km2) in 1998, 1.67% 
(113.77 km2) in 2005, 2.01% (137.11 km2) in 2013, and 2.11% (144.21 km2) in 2021. 
The open spaces in the district covered 2.93% (199.65 km2) in 1973, 2.56% (174.44 
km2) in 1998, 2.54% (173.46 km2) in 2005, 2.41% (164.92 km2) in 2013, and 2.89% 
(197.23 km2) in 2021.

4.3.3  Forest Fragmentation

The structure of the forest in the Hassan district from 1973 to 2021 was assessed 
using temporal land uses through fragmentation metrics, which provided the spatial 
extent of the interior of contiguous forest patches in the diverse categories of forests, 
which include evergreen, shola, deciduous, and scrub forest areas, and this excludes 
forest plantations (acacia, teak, eucalyptus, and others). The forest fragmentation 
analyses presented in Table 4.3 and Figure 4.6 illustrate that the interior forest had 
declined from 8.93% (609.27 km2) in 1973 to 4.91% (335.1 km2) in 1998, 4.24% 
(288.99 km2) in 2005, 3.7% (252.73 km2) in 2013, and 3.58% (244.39 km2) in 2022.

4.3.4 � Prediction of Likely Land Uses—Integrated  
CA-Markov Modelling

The land use analyses provided insights into the transition of land use categories 
from 1973 to 2019. Simulation of the land use has been carried out to understand 
the impact of the current rate of land use transitions in the next two decades, with 
the help of Markov and Cellular Automata techniques. The model was validated by 
comparing the actual land use classification of 2021 with the simulated land use of 
2021. The validation value was Kno = 0.8569, Klocation = 0.8394, KlocationStrata = 0.8394, 
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and Kstandard = 0.8113, suggesting the model’s high efficiency. The simulated land use 
showed an underestimation of horticultural land and an overestimation of agricul-
tural land in 2021.

Predicted land uses for 2030 and 2038 are depicted in Figure 4.7, and categorized 
land use details are listed in Table 4.4, which highlights further degradation of the 
evergreen forest to 2.62% (179.06 km2) in 2030 and 2.18% (148.84 km2) in 2038. 
Deciduous forests would also decrease to 1.09% (74.43 km2) in 2030 and 0.85% 
(58.06 km2) in 2038. Similarly, scrub forest would decrease by 0.88% (60.18 km2) in 
2030 and 0.74% (50.76 km2) in 2038. The area under plantation is likely to increase 
to 1.9% (129.55 km2) in 2030 and 1.89% (128.87 km2) in 2038. The built-up area is 
expected to increase to 4.62% (315.1 km2) in 2030 and 5.49% (374.36 km2) in 2038 
in the business-as-usual scenario.

4.3.5 E cologically Sensitive Regions

Prioritization of ESRs in the Hassan district has been done through grid-based anal-
ysis to get a detailed picture of ecological fragility at village levels, considering eco-
geo-climatic-socio variables for implementing conservation measures.

The district has evergreen forests in the west of the Western Ghats area, and there 
are deciduous and scrub forests in the hillocks of the district (Figure 4.8). Major 
forest cover has been identified in Arsikere Hill and the Western Ghats area. The 
interior forest density is highest in the Western Ghats section of Sakleshpura taluk.

The ecology of the Hassan district was evaluated by assessing biodiversity 
variables such as endemic flora, fauna, the biomass of forests, number of species, 
Shannon’s diversity, the spatial extent of conservation reserves, etc. Figure 4.9 and 

TABLE 4.3   
Forest Fragmentation Analysis of Hassan from 1973 to 2021

Forest Fragmentation 1973 1998 2005 2013 2021
Non-Forest sq. km 5694.75 6007.2 6052.84 6194.84 6300.23

% 83.47 88.05 88.72 90.8 92.34

Patch sq. km 23.84 78.27 58.03 66.92 53.28

% 0.35 1.15 0.85 0.98 0.78

Transitional sq. km 92.04 77.38 65.71 62.96 22.86

% 1.35 1.13 0.96 0.92 0.34

Edge sq. km 72.61 12.7 14.29 10.5 9.38

% 1.06 0.19 0.21 0.15 0.14

Perforated sq. km 211.83 140.23 124.41 108.29 56.04

% 3.1 2.06 1.82 1.59 0.82

Interior sq. km 609.27 335.1 288.99 252.73 244.39

% 8.93 4.91 4.24 3.7 3.58

Water sq. km 118.19 171.64 218.19 126.21 136.36

% 1.73 2.52 3.2 1.85 2
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FIGURE 4.6  Forest fragmentation analysis of Hassan from 1973 to 2021.
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FIGURE 4.7  Simulation of land use of 2030 and 2038 in Hassan district.
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TABLE 4.4   
Simulation of Land Use of 2030 and 2038 in Hassan District

Land Use Simulation

2030 Simulation 2038 Simulation

sq. km % sq. km %
Evergreen 179.06 2.62 148.84 2.18

Deciduous 74.43 1.09 58.06 0.85

Scrub/Grass 60.18 0.88 50.76 0.74

Water 154.33 2.26 158.6 2.32

Agriculture 1973.97 28.93 1879.05 27.54

Horticulture (plains) 2359.02 34.58 2312.93 33.9

Horticulture (hills) 1317.24 19.31 1449.86 21.25

Built-up 315.1 4.62 374.36 5.49

Open 259.65 3.81 261.2 3.83

Plantation 129.55 1.9 128.87 1.89

Figure 4.10 give the spatial distribution of endemic and non-endemic flora and fauna. 
The density of species and Shannon’s diversity are higher in the forest areas. The 
evergreen forest area has >1200 Gg total carbon, and the deciduous forest has 300–
900 Gg total carbon. The biomass concentration is higher in the evergreen forest 
region. The district shares its boundary with the Pushpagiri Wildlife Sanctuary in 
the southern part of Sakleshpura taluk.

The district has an average elevation >750m and a slope of less than 15%, except 
for the Western Ghats section, where the elevation is 250–750m and slope <15% 
(Gundiya River region) (Dudani et al., 2010). The district has a decreasing rainfall 
pattern from west to east. The Western Ghat section receives >2400 mm of rain, 
the middle part of the district with forest cover receives 1200–2400 mm of rain, the 
middle part without forest cover receives 600–1200 mm of rain, and the eastern part 
receives <600 mm of rain. The western part of the district is under the Sahyadri or 
Western Ghat agroclimatic zone and the eastern part is under hot-dry-semi-arid. 
Most of the district is composed of Peninsular Gneiss and the hillocks of the district 
are of Dharwars or Granite. The entire district has clayey loamy soil.

This district is under the Hemavathi sub-basin and Kaveri basin. Gundiya and 
Kumaradhara river network are in the Western Ghats. The streams in the forest 
region have more than 6 months of water and the rivers in the plain region have less 
than 3 months of water. Similarly, hilly forested areas have >2.5 per sq. km drainage 
density and the plain area has 1–1.5 per sq. km drainage density. The areas with riv-
ers have stream density 1.5–2 per sq. km, and drainage density in the other parts of 
the district is 1–1.5 per sq. km (Figure 4.11). This district has two major reservoirs—
Gorur Hemavathi Reservoir on the Hemavathi River and Yagachi Reservoir on the 
Yagachi River.

Figure 4.12 depicts the spatial variability of renewable energy sources in the 
study region. The whole district has more than 6 kWh/m2 solar energy potential 
(Figure 4.12a). Also, the entire district has less than 1.5 m/sec wind speed (Figure 
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FIGURE 4.8  Forest cover, interior forest cover with their relative weights in Hassan.
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FIGURE 4.9  Ecological variables with their relative weights in Hassan.
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FIGURE 4.10  Geo-climatic variables with their relative weights in Hassan.
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FIGURE 4.11  Hydrological variables with their relative weights in Hassan.
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FIGURE 4.12  Renewable energy variables with their relative weights in Hassan.
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4.12b) throughout the year. The bio-energy potential is highest in Alur taluk (>600 
MKcal), followed by Arkalgud and Holenarasipura (400–600 MKcal), Sakleshpura, 
Belur, and Arsikere (200–400 MKcal). The lowest is in Hassan (Figure 4.12c) and 
Channarayapatna (100–200 MKcal).

The population density is 500–250 persons per sq. km in the district, except for 
Sakleshpura and Belur taluk, where the population density is 250–100 persons per 
sq. km. Livestock density is 1.5–2.25 animals per ha in Arkalgud, Holenarashipura, 
and Hassan taluk, whereas Alur taluk has 0.75–7.5 animals per ha, and Sakleshpura 
and Belur have <0.75 animals per ha livestock density. The presence of forest dwell-
ers is in the Western Ghats in the Sakleshpura taluk and Nagapuri forest areas in 
Arsikere taluk. Figure 4.13 depicts population density, livestock density, and forests 
dwellers spatial distribution.

Based on the significance of chosen themes, regions were prioritized using aggre-
gated weights metric scores as ESR1 (regions of highest sensitivity), ESR2 (regions 
of higher sensitivity), ESR3 (regions of high sensitivity), and ESR4 (regions of mod-
erate sensitivity). Spatially, 20 grids of the district represent ESR1, while 37 repre-
sent ESR2, 46 grids represent ESR3, and about 16 grids are in ESR4. Figure 4.14 
depicts grid-level analysis of ESRs. ESR1 has the maximum forest cover and rich 
biodiversity along with less population. ESR2 represents a zone of higher conser-
vation and forms a transition between the highest conservation and moderate con-
servation regions. ESR3 represents a moderate conservation region; only regulated 
sustainable development is allowed in these areas. ESR4 represents the least diverse 
areas, and location-specific developments may be allowed with strict vigilance from 
regulatory authorities.

4.4  DISCUSSION

Forest ecosystems provide a biodiverse habitat supporting a variety of flora and 
fauna, which are essential for the survival of organisms that rely on both biotic and 
abiotic elements within their specific habitats. However, the fragmentation of con-
tinuous forest areas into isolated patches has resulted in the degradation of natu-
ral resources, soil and water contamination, and reduction in species diversity and 
abundance (Ramachandra et al., 2019). Additionally, the transformation of climax 
evergreen vegetation to secondary deciduous forests and scrub due to plantations has 
affected hydrological services, evident from the diminished water flow in streams 
and rivers, with potentially adverse effects on the livelihoods of those in the Malnad 
region and beyond, including the drier Deccan plains (Ramachandra et al., 2020). The 
Hassan district, being a part of the Malnad region, is endowed with abundant natural 
resources, and landscapes are conducive to extensive agricultural and horticultural 
activities, with production of arecanut and coffee (Lakshmidevi and Manjunath, 
2019). Coffee cultivation is dominant in the Sakaleshpura and Alur taluks, along 
with cardamom, oranges, and pepper. Coffee cultivation faces challenges, particu-
larly due to climate change and irregular rainfall patterns. Karnataka contributes 
approximately 71.03% of India’s total coffee production. The disturbances in the 
animal habitats contribute to a rise in human-animal conflicts, inbreeding, and, ulti-
mately, the extinction of species (Hayward and Kerley, 2009). One of the reasons for 
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FIGURE 4.13  Social variables with their relative weights in Hassan.



94� Civil Engineering Innovations for Sustainable Communities

FIGURE 4.14  Visualization of grid-based ESRs of Hassan in Western Ghats Spatial 
Decision Support System (WGSDSS: https://wgbis.ces.iisc.ac.in/sdss/wgsdss/index.php).

human-animal conflict is the coffee cultivation in the Hassan district. Instances of 
elephants venturing into human settlements have become common, particularly in 
Alur and Sakaleshpur regions of the district. Recurring instances of human-animal 
conflicts necessitate evolving appropriate mitigation strategies through identifica-
tion and mapping of animal movement paths or animal corridors, while enriching 

https://wgbis.ces.iisc.ac.in/sdss/wgsdss/index.php
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animal habitats with fodder and water. Also, alterations in the ecosystem integrity 
with fragmentation of native forests and degradation of landscapes have altered the 
microclimate within and around the degraded patches, evident from an increase in 
temperatures and heat island effects (Bharath et al., 2013).

The natural landscape in Karnataka is witnessing rapid transitions due to 
unplanned developmental activities, with spurts in industrial activities to boost the 
economy. The Hassan district has been witnessing urban growth driven by factors 
like development of industrial zones, B. Katihalli Industrial Area, Holinarshipura, 
Thimmanhalli, and Special Economic Zones such as KIADB Pharmaceutical 
SEZ, KIADB SEZ Hassan—Textiles, KIADB Food Processing SEZ, and Opto 
Infrastructure Hassan. The agriculture (croplands, horticulture, and livestock) sec-
tor has facilitated the growth of the agro and food processing industries. Recently, a 
300MT cattle feed plant was established in the center of Hassan city for the growth, 
maintenance, and milk production and to increase the reproductive efficiency of ani-
mals. The district is well-connected by roadways (NH 48 and NH 206) and railways 
network. The district is midway between Mangalore and Bangalore, making it a 
location for new industries to establish their operations. Additionally, the nearest 
international airport and seaport are situated in Mangalore, around 174 kilometers 
from the district, which acts as a gateway for Karnataka for exports. The Karnataka 
Industrial Area Development Board (KIADB) has contributed to the growth of real 
estate, IT industries, road connectivity, infrastructure, and industrial areas. The dis-
trict is also home to the Master Control Facility of ISRO for spacecraft operations 
starting from the Launch and Early Orbit Phase (LEOP) of the geosynchronous and 
IRNSS class of spacecraft.

Spatial decision support systems (SDSS), with geographic information systems 
(GIS) and multi-criteria decision analysis (MCDA), have aided in the assessment and 
visualization of information of sustainable scenarios, etc. (Sugumaran and Degroote, 
2010; Omidipoor et al., 2019). Query-based visualization through SDSS aids in mak-
ing well-informed conclusions such as land usage, management of natural resources, 
and the layout of urban areas. SDSS empowers decision-makers to grasp the complex 
interconnections within different spatial elements due to integration of diverse data, 
with the advanced analytical methodologies and visualization utilities (Bui, 2000). 
Assessment of potential environmental, economic, and societal effects tangled to 
divergent developmental scenarios facilitates stakeholders to collectively participate 
in the decision-making process (Lombardi and Ferretti, 2015), which aids in formu-
lating adaptive strategies as per the principles of sustainable development.

4.5  CONCLUSION

Temporal land use and land cover of the Hassan district, Karnataka, was quantified 
from 1973 to 2021 using the remote sensing data—Landsat dataset. The land cover 
analyses showed a 20.8% increase in vegetation cover due to an increase in agricultural 
(cropland and horticultural) activities in the district. Land use analyses indicate that the 
evergreen and deciduous forest has decreased by 546.74 km2 and 49.46 km2, respec-
tively, with an increase in horticultural practices by 1778.98 km2 in the last five decades. 
The availability of water has led to prosperity in horticultural crops like coffee, cotton, 
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etc. Also, main city centres like Hassan, Arsikere, Holenarsipura, and Channarayapatna 
showed an increasing trend in build-up due to urbanization and industrialization, along 
with establishment of the special economic zones (SEZs) in the district. Forest frag-
mentation analyses show a decline in interior or contiguous forest from 609.27 km2 
(1973) to 244.39 km2 (2021). Per visualization of likely land uses, the forest cover is 
expected to decrease further. ESRs have been delineated at disaggregated levels for 
prudent management of natural resources by conserving ESRs (ESR1 and ESR2) and 
identifying the regions suitable for development to benefit the local population (ESR4). 
Prioritization of ESRs has been done by dividing the study regions into 5’×5’ grids and 
assessment of eco-geo-climatic-social aspects. Spatially, 20 grids indicating maximum 
forest cover and rich biodiversity in the district represent ESR1, and about 16 grids are 
in ESR4, indicating the least diverse areas in this region. The development may be 
allowed in ESR4 with strict vigilance from regulatory authorities. The landscape extent 
and condition assessment with visualization of likely scenarios would help in decision-
making to sustain natural resources. The Western Ghats Spatial Decision Support 
System (WGSDSS) is designed and implemented at https://wgbis.ces.iisc.ac.in/sdss/
wgsdss/index.php, which would help in visualization of current and future scenarios 
and aid in monitoring, ensuring that decisions remain responsive to evolving challenges 
and opportunities. Thus, the WGSDSS empowers decision-making with the insights of 
complex spatial challenges to promote a balanced and sustainable future.
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5.1  INTRODUCTION

Both climatic and non-climatic determinants exert influence upon the dynamics of 
the hydrological cycle. The intricate interplay among greenhouse gas concentra-
tions, aerosol particles, and surface albedo perturbs the radiative equilibrium, con-
sequently modulating evaporation and precipitation processes across both global 
and regional domains. Concomitant with atmospheric warming, discernible trends 
manifest in augmented global and regional mean precipitation, alongside intensified 
precipitation events. Regional precipitation responses, in tandem with alterations in 
atmospheric circulation, exhibit variability. The geographical distribution of aero-
sols, influencing atmospheric circulation patterns, imparts noteworthy repercussions 
upon precipitation regimes, notably exemplified in the context of the Asian mon-
soon (Douville et al., 2021; Srivastava et al., 2022a). Elevated levels of atmospheric 
CO2 generally lead to decreased plant transpiration, influencing various aspects of 
the hydrological cycle, such as surface temperature, soil moisture, runoff, stream 
flows, and moisture recycling. However, in some regions, the reduction in transpira-
tion may be offset to some extent by an increase in leaf area due to factors like rising 
CO2 levels, land use changes, nitrogen deposition, and the effects of climate change. 
Additionally, increased ozone levels can negatively impact a plant’s transpiration 
capacity (Ganguly et al., 2012; IPCC, 2022).

Concerning the impact of anthropogenic activities on the planetary hydrological 
cycle, human agency manifests through deliberate interventions, such as the regula-
tion of streamflow through dam construction, extensive trans-basin water transfers, 
and the extraction of surface and groundwater for purposes encompassing potable 
water supply, agriculture, and diverse freshwater applications (Rane et al., 2023). 
A multifaceted array of sociological and economic factors, encompassing shifts in 
land utilization and urban expansion, can exert discernible repercussions on these 
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direct human interventions, thereby influencing the global and regional hydrologi-
cal cycle and the equilibrium of water resources (Chinnasamy & Srivastava, 2021; 
Dhanuka et al., 2023; Shumilova et al., 2018). Through abstraction, irrigation may 
decrease river flows and groundwater levels while increasing local precipitation. It 
can also influence precipitation remotely through moisture advection and alter the 
timing of monsoons through differences in land and sea temperatures. Land cover 
changes impact evapotranspiration (ET), precipitation, precipitation intercepted by 
plant canopies, infiltration, and runoff. Human water consumption has comparable 
effects on the hydrological cycle as land cover. Moreover, urbanization engenders a 
diminishment in ground surface permeability, thereby heightening the susceptibil-
ity to flooding and rapid runoff. Simultaneously, this phenomenon diminishes the 
capacity for local moisture replenishment of the atmosphere, thus impacting local 
precipitation dynamics. However, urbanization can also lead to an increase in the 
sensible heat flow or more severe precipitation (Bosmans et al., 2017; Douville et al., 
2021; IPCC, 2022).

In addition to natural and human-induced influences that alter hydrological pro-
cesses, it is imperative to evaluate the magnitude of influence exerted by these factors 
on the pivotal dimension of water security, concerning its role in both adaptation to 
and mitigation of climate change. According to the IPCC (2022), an estimated global 
population of around 4 billion individuals is anticipated to face pronounced suscepti-
bility to severe water scarcity during specific periods of the year. This susceptibility 
arises from the intricate interplay of both climatic and non-climatic determinants. 
Depending on regional climate change patterns and socioeconomic scenarios, it 
is estimated that between 0.9 and 3.9 billion people may experience heightened 
vulnerability to water stress under a global warming level of approximately 2°C 
(Koutroulis et al., 2019). In the agriculture sector, the peril to food production looms 
prominently within basins constituting the top decile in global water stress, account-
ing for 35% of the world’s output in irrigated calories, as elucidated by Srivastava  
et al. (2022a ). Concurrently, as of 2017, approximately 4.2 billion individuals encoun-
tered insufficiencies in access to adequate sanitation, while around 2.2 billion people 
lacked access to potable drinking water. From 1971 to 2000, surface-water deficits 
were identified in various cities worldwide, ranging from 16% to 39% (Flörke et al., 
2018). Since 2014, a mere 20% of recorded case studies on adaptation responses have 
measured their outcomes, making it challenging to assess the relationship between 
positive outcomes and the reduction of climate risks. Henceforth, the efficacious 
mitigation of climate change–induced perils pertaining to the hydrological cycle and 
water security necessitates implementing a holistic systems approach. This approach 
must encompass a contemplation of not only the immediate ramifications of adapta-
tion strategies on water resources but also their indirect consequences stemming 
from efforts towards mitigating climate change (IPCC, 2022).

The study thus evaluates and reviews the hydrological alterations under climate 
change in view of global-scale challenges and opportunities for adaptation and sus-
tainable development. The study also examined research from India to advance 
understanding of the precipitation characteristics under observed and projected cli-
mate as a case study. This is a critical aspect of the study since India is highly vul-
nerable to the impacts of climate change, particularly in the water sector. With the 
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objective of examining the subject comprehensively, this study endeavors to evaluate 
and analyze three main aspects. Firstly, it aims to assess and review the documented 
alterations in the hydrological cycle, including precipitation, evapotranspiration, soil 
moisture, floods, and droughts, attributable to climate change. Secondly, it seeks to 
explore the projected changes in the aforementioned hydrological variables. Finally, 
this research endeavors to scrutinize the benefits and effectiveness of water-centric 
adaptations, in conjunction with an examination of the seven foundational principles 
that facilitate the achievement of water security and the promotion of sustainable, 
climate-resilient development within transformative systemic frameworks. The pres-
ent investigation is essential, given that there is a need to balance the competing 
demands for water resources while ensuring its sustainability. Hence, the findings 
from this study can help decision-makers in the water sector to develop effective 
regional adaptation strategies

5.2 � OBSERVED GLOBAL-SCALE ALTERATIONS IN 
HYDROLOGICAL CYCLE DUE TO CLIMATE CHANGE

According to the IPCC (2022), it has been scientifically demonstrated that the pres-
ence of increased greenhouse gas (GHG) concentrations in the atmosphere, resulting 
from human activities, has heightened the probability of various extreme hydrome-
teorological events. These events include heavy precipitation, flooding, drought, 
and wildfires, which have caused loss of life, substantial economic damage, and far-
reaching ecological consequences. The human-induced modification of the global 
water cycle significantly affects ecosystems and populations worldwide. On these 
lines, this section examines alterations to the hydrological cycle from the perspective 
of social effects.

5.2.1 O bserved Changes in Precipitation

Worldwide, annual mean precipitation (P) is rising in several areas but falling in 
smaller areas, especially in the tropics. Presently, in excess of 160 million inhab-
itants occupy geographies characterized by historical aridity, with nearly 500 
million individuals residing in regions that have traditionally exhibited elevated 
precipitation levels. Notably, the intensity of torrential rainfall has exhibited con-
spicuous escalation in various locales, encompassing substantial portions of North 
America, Europe, the Indian subcontinent, segments of Asia, South America, 
southern Africa, and Australia. In contrast, select regions, exemplified by east-
ern Australia, northeastern South America, and western Africa, have witnessed 
a decline in intense precipitation events (Dunn et al., 2020). There has been a 
notable increase in the duration of dry periods, as indicated by a rise in the average 
number of consecutive dry days (CDD) throughout various regions. This trend is 
particularly evident in southeast Asia, eastern and southwestern South America, 
as well as western and southern Africa. In certain areas where yearly precipitation 
shows no trend, precipitation extremes have altered. Specific geographic zones, 
including segments of southern South America and southern Africa, are currently 
undergoing a notable augmentation in intense rainfall events, concomitant with 
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prolonged periods of aridity. This phenomenon is conspicuously evident in densely 
populated regions, such as the Indian subcontinent, southeast Asia, Europe, and 
select areas across North and South America, as well as southern Africa. Notably, 
an estimated 709 million individuals inhabit territories where the annual maxi-
mum one-day precipitation has experienced intensification, while approximately 
86 million dwell in regions where it has declined. However, it is worth noting that 
longer dry spells are more prevalent than shorter ones, with 711 million people 
inhabiting regions where the annual average of CDD has lengthened compared to 
the 1950s, in contrast to 404 million people in areas with shorter CDD (Douville 
et al., 2021; IPCC, 2022).

The observed shifts in precipitation patterns are primarily ascribed to the 
escalation in anthropogenic GHG concentrations. According to the findings of 
the IPCC (2022), heightened GHG levels have engendered conspicuous disparities 
in precipitation regimes between wet and dry seasons, thereby introducing altera-
tions in meteorological patterns across tropical terrestrial domains. Particularly 
noteworthy is the significant increase in precipitation across northern high lati-
tudes. Additionally, GHG-induced forcing has contributed to the emergence of 
dry summer conditions in various regions, including the Mediterranean, south-
western Australia, southwestern South America, south Africa, and western North 
America. The IPCC’s 2022 assessment report also underscores that well-mon-
itored inland areas exhibit a heightened likelihood of experiencing an elevated 
frequency and severity of intense precipitation events on a global scale. This trend 
is particularly evident in North America, Europe, and Asia when considered on a 
continental scale.

5.2.2 O bserved and Reconstructed Changes in Evapotranspiration

According to recent studies, global evapotranspiration (ET) increased between the 
early 1980s to 2009 and 2013 (Figure 5.1). Based on rigorous calculations using 
observational data, it has been observed that a majority of global regions have wit-
nessed an increase in ET. These increases have been statistically significant in sig-
nificant portions of North America and northern Eurasia (p<0.05), reaching up to 10 
mm yr-2. Moreover, several other regions, such as northeast Brazil, western central 
Africa, southern Africa, southern India, southern China, and northern Australia, 
have experienced even larger increases in ET. However, it should be noted that cer-
tain areas, like western Amazonia and central Africa, have shown decreases in ET 
of approximately 10 mm yr-2, although these patterns may not be consistent across 
all datasets (Bosmans et al., 2017; Douville et al., 2021; Elbeltagi et al., 2022; IPCC, 
2022).

According to the assessment by the IPCC (2022), a robust scientific consensus 
exists affirming the substantial contribution of human activities to the discernible 
augmentation in global terrestrial annual ET since the inception of the 1980s. This 
upswing can be ascribed to a multifaceted interplay of factors, encompassing height-
ened atmospheric water vapor demand and enhanced vegetation vitality driven by 
elevated atmospheric carbon dioxide (CO2) concentrations. Furthermore, changes in 
temperature, land surface properties, and ecosystem characteristics influence regional 
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variations in ET. The latter react to modifications in the environment and structure 
of the atmosphere. For instance, whereas seasonal rainfall totals alter the quantity 
of soil moisture available for evaporation, a warmer climate increases evaporative 
demand. Fluctuations in vegetation exert a significant influence on the overarching 
fluctuations in ET, given that transpiration constitutes a substantial component of 
the water exchange occurring between terrestrial surfaces and the atmosphere. The 
phenomenon of reduced stomatal conductance, denoted as the ‘physiological effect,’ 
diminishes transpiration rates and augments leaf-level water use efficiency (WUE). 
This effect, to a certain degree, serves as a counterbalancing mechanism to miti-
gate the escalation in evaporative demand associated with rising atmospheric CO2 
concentrations, although it is notably contingent on the species under consideration. 
Increased CO2 additionally accelerates photosynthesis, albeit this effect might not 
last over the long term, especially in environments with temperatures higher than the 
thermal maximum for photosynthesis. Higher photosynthesis raises the Leaf Area 
Index (LAI), which has a ‘structural effect’ on transpiration and is responsible for 
55 ± 25% of documented increases in ET between 1980 and 2011. Based on satellite 
observations spanning from 1982 to 2012, it has been projected that the increase in 
ET resulting from the rise in LAI is estimated to be around 0.32 ± 0.07 mm month-1 
per decade. This increase in ET corresponds to a climatic forcing of approximately 
0.31 Wm-2 per decade. These findings indicate a quantifiable impact of rising LAI 
on the Earth’s energy balance and the water cycle, highlighting the important role 
of vegetation dynamics in shaping climate patterns over the studied period (Zeng  
et al., 2017).

FIGURE 5.1  Temporal variations in global evapotranspiration during distinct intervals 
spanning from 1981 to 1982 and 2009 to 2013.

(Source: IPCC, 2022)
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5.2.3 O bserved and Estimated Past Changes in Soil Moisture and Aridity

The widely acknowledged ‘Wet Grow Wetter, Dry Get Drier’ (WGWDGD) para-
digm may prove insufficient in characterizing spatial differentials in soil moisture 
trends, as discerned from an analysis encompassing changes in P-ET estimations 
spanning from 1948 to 2005. Scrutiny of soil moisture datasets derived from the 
European Space Agency Climate Change Initiative Soil Moisture (ESA CCI SM 
v03.2) over the period of 1979 to 2013 unveils that merely 15% of terrestrial regions 
conform to the anticipated correlation between soil moisture dynamics and prevail-
ing precipitation and temperature conditions, as postulated by the widely embraced 
WGWDGD paradigm. Remote sensing data corroborates this observation (Figure 
5.2), presented in the study conducted by Feng and Zhang (2015).

Across all types of regions, including arid, humid, and transitional areas, there 
exists a prevailing pattern characterized by a decrease in soil moisture rather than 
an increase when categorized based on precipitation and temperature regimes. 
Increased soil moisture trends in the ESA CCI product are primarily observed in 
wet or transitional zones and are uncommon in arid ones. Changes in the balance 
between precipitation and evapotranspiration (ET) are responsible for variations in 
soil moisture and land surface aridity. Irrigation practices also influence the mois-
ture level of the soil. Examination of satellite remote sensing data spanning from 
the late 1970s to the late 2010s unveils discernible regional trends, characterized by 

FIGURE 5.2  Examination of remote sensing data spanning from 1979 to 2013, elucidating 
the delineation of arid, transitional, and humid regions, while concurrently elucidating trends 
in both desiccation and humidification concerning surface soil moisture.

Information Source: IPCC (2022)
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alterations in annual surface soil moisture exceeding 20% in select locales. Through 
the integration of data derived from ESA CCI SM v03.2 products, it becomes evident 
that approximately 2.1 billion individuals inhabit territories witnessing an augmenta-
tion in surface soil moisture, while 0.9 billion people dwell in regions experiencing a 
reduction (Douville et al., 2021; Feng & Zhang, 2015; IPCC, 2022).

In alignment with climate model simulations illustrating the consequences of anthro-
pogenic climate change, assessments grounded in data-driven models and process-
based land surface models elucidate a visible augmentation in arid conditions during 
dry seasons, primarily concentrated within extratropical zones. This pattern is observed 
in various locations, including Europe, western North America, northern Asia, south-
ern South America, Australia, and eastern Africa. Additionally, increased ET typically 
results in decreased water availability during the dry season rather than decreased pre-
cipitation. Indeed, the IPCC (2022) discerns a global trend in soil moisture, evident 
in reanalysis data, which arises as a consequence of GHG forcing. Their conclusive 
determination conveys a high level of probability that human-induced climate change 
has exerted a discernible influence on these patterns over the course of the 20th century.

5.2.4 O bserved Changes in Floods and Droughts

Based on a comprehensive global flood database that incorporates both in-situ mea-
surements and satellite remote sensing, floods have increased significantly from 
1985 to 2015. Specifically, floods have experienced a fourfold rise in tropical regions 
and a 2.5-fold increase in the northern mid-latitudes. Estimates of flood exposure 
based on high-resolution population data and satellite-derived inundation indicate 
a 20–24% rise between 2000 and 2018 (Tellman et al., 2021). Examination of on-
site streamflow measurements unveiled fluctuations in the frequency of river floods 
across Europe and the USA during the period spanning from 1960 to 2010. In tan-
dem, a general upsurge was observed in China, Brazil, and Australia, juxtaposed 
with a reduction in specific zones within the Mediterranean and southern Australia. 
Depending on the locale, warming over the past 40–60 years has caused spring 
floods to occur 1–10 days sooner every decade (the most frequent being 2–4 days 
per decade). Floods were responsible for 31% of all economic losses and 44% of all 
disasters between 1970 and 2019 (IPCC, 2022). Recent increases in observed flood 
hazards are frequently the result of human influences, such as population expansion 
and growing urbanization, rather than only climate change. Flood vulnerability has 
been attributed to be influenced by regional and national disparities in GDP, hazard 
intensity and characteristics, as well as political and social factors. In many areas, 
economic growth has reduced flood susceptibility, while in some, increasing expo-
sure has increased danger. Considering the climate conditions observed between 
1976 and 2005, the predicted damage, based on current flood protection standards, 
amounts to approximately USD 54 million per year on a global scale. Similar esti-
mates made using several models indicate that flood exposure has increased in the 
past (Tanoue et al., 2016; IPCC, 2022).

Drinking water shortages and severe economic harm can be caused by hydro-
logic drought. Aridity in the agricultural sector negatively impacts food production 
by reducing yields, destroying crops, and having an adverse effect on the economy. 
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For instance, it was reported that the 2014 drought in India caused losses of up to 
USD 30 billion. Wildfire dangers are increased by ecological drought. The conse-
quences of droughts can have cascading effects, which may involve the displacement 
of human communities, the breakdown of social connections, loss of cultural iden-
tity, and health issues arising from inadequate sanitation. Although drought-induced 
calamities comprised merely 7% of all catastrophic occurrences from 1970 to 2019, 
they have disproportionately accounted for 34% of fatalities linked to such disasters, 
with a pronounced impact on Africa. A holistic examination of risk, vulnerabil-
ity, and exposure reveals that regions characterized by lower population densities, 
such as tundra and tropical forests, exhibit reduced susceptibility to drought risk. 
Conversely, areas marked by intensive agricultural practices, encompassing cen-
tral Europe, southern and central Asia, southeast South America, and the southeast 
United States, are confronted with elevated drought risk (WMO, 2021; IPCC, 2022).

In summary, discernible geographical disparities have manifested in both the fre-
quency and magnitude of river floods over the past few decades. Anthropogenic cli-
mate change has resulted in an increased risk of severe precipitation events, leading 
to more frequent and severe river floods. There exists a high level of confidence in the 
assertion that the observed warming spanning the past four to six decades has played a 
contributory role in altering the incidence and intensity of snowmelt-related floods, as 
well as influencing the patterns of ice-jam floods. Furthermore, a discernible trend has 
emerged, indicating that spring floods are transpiring up to 10 days earlier per decade. 
Concomitantly, both agricultural and ecological drought conditions have demon-
strated an elevated prevalence and heightened severity across numerous global regions, 
although there are exceptions where such conditions have exhibited reduced frequency 
and intensity. While the disparity has narrowed since the 1980s, lower-income nations 
continue to experience a significantly higher proportion of their GDP being affected by 
drought-related economic losses compared to higher-income nations. Additionally, the 
global trend of economic susceptibility to drought is declining.

5.3  PROJECTED ALTERATIONS IN HYDROLOGICAL CYCLE

According to the IPCC (2022), it is expected that there will be an amplification 
of the terrestrial hydrological cycle, leading to increased water exchange between 
the land surface and the atmosphere. This is attributed to the projected increase in 
near-surface atmospheric water capacity due to ongoing warming, which will impact 
atmospheric circulation patterns, intensify convective processes, and result in higher 
subsurface temperatures. Persistent warming and additional physical determinants 
are poised to exert an impact on the depletion of snow cover, glaciers, and permafrost. 
This segment seeks to elucidate the projected reactions of these hydrological systems 
and associated processes, recognizing their inherent variability and the attendant 
uncertainties that prevail across diverse locales, seasons, and spatiotemporal scales.

5.3.1  Projected Changes in Precipitation

The anticipated changes in annual mean precipitation within the CMIP6 multi-
model ensemble exhibit significant variations worldwide, as observed in previous 
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model ensembles. Furthermore, there remains considerable uncertainty regarding 
the magnitude and direction of future changes in most geographical locations. Under 
a global warming scenario of 1.5°C, certain regions such as the central and eastern 
Sahel, south-central Asia, portions of Greenland and Antarctica, and the far north-
ern areas of North America and Asia show agreement among models for increased 
precipitation, with projections ranging from a 20% to 30% increase. However, there 
is no unanimous consensus across all land areas regarding decreased precipitation, 
although a stronger agreement is observed in South America, southern Africa, and 
the Mediterranean. Importantly, the multi-model median change in precipitation at 
1.5°C of global warming is generally less than 10% over the majority of the world’s 
land surface. With the exception of extremely dry regions, where percentage changes 
in precipitation might be significantly greater due to extremely low baseline values, 
the median anticipated changes with 4°C global warming are larger, ranging from a 
20% decline to a 40% rise in precipitation (Douville et al., 2021; IPCC, 2022). The 
agreement regarding heavy precipitation changes is stronger than mean precipita-
tion, both within specific ensembles like CMIP6 and across different ensembles. For 
global warming of 4°C, the 50th percentile estimate for worldwide land indicates an 
increase in annual maximum one-day precipitation, with median increases exceed-
ing 20% for a significant portion of the land. In most mid-latitude regions, the 95th 
percentile rise ranges from 20% to 40%, while in the tropics and subtropics, it is at 
least 40% to 70%. Significantly, in regions encompassing western Amazonia, central 
Africa, and the majority of the Indian subcontinent, the augmentation surpasses an 
impressive 80%. The prospect of diminished heavy precipitation in these zones, as 
indicated by the 5th percentile, stands at a probability of less than 5%. Nevertheless, 
albeit less likely, there persists a potential for reductions, notably in specific areas, 
such as northern South America and northern and western Africa. These patterns 
of transformation are expected to exhibit comparable trends on a global scale under 
both 2°C and 1.5°C global warming scenarios, albeit with reduced magnitudes at the 
50th and 95th percentiles (Douville et al., 2021; IPCC, 2022).

In the absence of substantial reductions in GHG emissions, the IPCC (2022) prog-
nosticates substantial modifications to the global and regional water cycle. It duly 
acknowledges the presence of marked uncertainties within various assessments ren-
dered by regional climate models pertaining to the water cycle. Across the majority 
of global domains and under diverse emission scenarios, a rapid rise in the variability 
and intensity of water cycle phenomena is anticipated to outpace mean alterations. 
Furthermore, the IPCC underscores that heavy precipitation events are poised to 
exhibit increased frequency and severity as global warming continues. In summary, 
it is predicted that with 4°C of global warming, the annual mean precipitation range 
will either rise or decrease by up to 40% or more over numerous terrestrial regions. 
At lower rates of global warming, the expected ranges of precipitation changes are 
narrower. Most regions might witness either a rise or a drop, but there is strong 
confidence among models that the far north will witness an increase. Across most 
geographical domains, there exists a more pronounced convergence of modeling 
consensus that associates global warming with an augmentation of heavy precipita-
tion. Diverse projections exist regarding alterations in the duration of arid intervals, 
yet in regions where an upsurge in dry spells is envisaged, the magnitude of this 
escalation appears more substantial in the context of elevated global warming levels.
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5.3.2  Projected Changes in Evapotranspiration

Studies indicate that it is quite unknown how regional ET may alter in the future. The 
multi-model CMIP6 ensemble predicts changes in ET that differ across ensemble 
members in terms of magnitude and sign. The ensemble median projection suggests 
that ET is anticipated to experience an approximate 25% increase in mid to high-
latitude territories, while conversely, a reduction of up to 10% is expected across 
the bulk of tropical South America, southern Africa, and Australia under conditions 
of 4°C global warming. Notably, with the exception of central Africa and southeast 
Asia, the ET alterations projected by the CMIP6 ensemble closely align with those 
derived from the CMIP5 ensemble. At lower magnitudes of global warming, the 
envisaged impacts exhibit proportionately lesser changes, although the spatial pat-
terns of alteration persist (Berg & Sheffield, 2019; IPCC, 2022).

In the preponderance of models within the CMIP5 and CMIP6 frameworks, 
anticipated alterations in ET are intricately intertwined with soil moisture dynamics, 
meteorological conditions, and the physiological responses of vegetation to elevated 
CO2 levels. These multifaceted interactions subsequently exert influence on both 
meteorological parameters and soil moisture content via surface fluxes. Elevated 
CO2 concentration induces stomatal closure, resulting in a reduction in ET. However, 
it also triggers an increase in the LAI, which in turn elevates ET. It is worth noting 
that these two effects do not consistently offset each other. In regions characterized 
by already elevated LAI values, further LAI augmentation may not occur due to the 
fact that increased LAI intensifies transpiration, leading to reduced soil moisture 
levels, albeit offering more shade and decreasing soil evaporation. The anticipated 
reductions in ET are pervasive, with the most substantial declines occurring exclu-
sively as a result of physiological factors within tropical forests. Nonetheless, it is 
pertinent to note that the ensemble projections encompass a wide spectrum of out-
comes, encompassing both anticipated ET increases and reductions across various 
geographic domains. Within these scenarios, mid-latitude ET elevations may peak at 
approximately 50%, while reductions in ET within southern Africa may reach levels 
of around 30% (Lemordant & Gentine, 2019; IPCC, 2022).

5.3.3  Projected Changes in Soil Moisture

The expected changes in surface soil moisture due to global warming exhibit vary-
ing degrees of agreement among the Earth System Models (ESMs) in the CMIP6 
multi-model ensemble. Similar to CMIP5, there are significant uncertainties asso-
ciated with regional precipitation projections. In most regions, the ensemble pre-
dicts both increases and decreases in precipitation. The anticipated alterations in 
soil moisture levels following a 4°C global warming scenario span a wide spectrum. 
Projections encompass a decline ranging from 20% to 30% to an increase spanning 
30% to 40% in the far northern reaches of North America and Asia. Conversely, 
eastern North America exhibits projected changes, whether increases or decreases, 
that are comparatively modest, staying below 10%. In contrast, western Europe and 
the Mediterranean regions demonstrate a more unanimous consensus in forecast-
ing reduced soil moisture levels, with reductions reaching up to 25%. Meanwhile, 
projections for the northern mid-latitude regions encompass a range from a 10% to 
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20% decrease to a 20% to 30% increase. Furthermore, there is greater agreement 
across South America, southern Africa, and Asia, indicating reduced soil moisture 
of up to 40% or more in certain areas (Cheng et al., 2017). Most CMIP6 models 
incorporate the direct effects of CO2 on plant transpiration, which has been shown 
to impact predictions of future changes in soil moisture significantly. Greater losses 
in soil moisture availability are predicted by methods that ignore this process than 
by climate models. Therefore, despite a majority of the research predicting a rise 
in global aridity and the spread of drylands, these studies may overestimate future 
dryness. However, land surface models still predict decreased soil moisture in many 
areas, including vegetation responses to CO2 (Douville et al., 2021; Grillakis, 2019; 
IPCC, 2022).

In summary, it is anticipated that changes in soil moisture will intensify with 
higher levels of global warming, although the specifics of regional alterations remain 
a subject of ongoing discourse. Within the multi-model ensemble of CMIP6, a con-
sensus emerges regarding the diminished soil moisture, reaching a maximum decline 
of up to 40% in regions encompassing Amazonia, southern Africa, and western 
Europe under conditions of 4°C global warming. Nonetheless, there is divergence 
among model projections concerning the direction of soil moisture changes in other 
geographic zones, spanning from a 30% reduction to a 40% increase in response to 
4°C global warming. At lower levels of global warming, the envisioned impacts are 
less pronounced and display analogous regional transformational patterns.

5.3.4  Projected Changes in Floods and Droughts

Empirical scientific investigations have revealed that alterations in the occurrence 
and intensity of river floods will exhibit global variability (IPCC, 2022). Looking 
ahead to the period beyond 2050, projections indicate a diminishing frequency of 
river floods in geographical regions encompassing northern North America, south-
ern South America, the Mediterranean, and eastern Europe. In contrast, expectations 
point towards an amplified incidence of river floods in various territories, including 
Asia, central Africa, western Europe, Central and South America, as well as eastern 
North America. There is a high level of confidence that these regions will experience 
larger and more frequent floods in the future, while the opposite trend is expected 
in northern North America, southern South America, the Mediterranean, and east-
ern Europe, where flood sizes and frequencies are likely to decrease (Arnell et al., 
2016). There is a high probability that the combination of projected socioeconomic 
development and climate change will result in increased exposure to flood-prone 
areas, leading to a substantial escalation in direct flood damages across all levels of 
global warming (refer to Figure 5.3). It is anticipated that tens of millions of people 
in each affected country will be impacted by river floods annually, with the greatest 
numbers concentrated in southern, eastern, and southeastern Asia (IPCC, 2022). The 
escalation in flood occurrences is foreseen to present escalating risks, culminating 
in economic losses amounting to 1.2–1.8 times and 4–5 times higher under global 
warming scenarios of 2°C and 4°C, respectively, when juxtaposed with a warming of 
1.5°C. In the absence of adaptation measures, the envisioned upsurge in flood events 
is anticipated to result in global GDP deficits that range from 1.4 to 2.5 times and 2.5 
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to 3.9 times greater at warming levels of 2°C and 3°C in contrast to a 1.5°C scenario, 
respectively. It is worth noting that regional disparities in flood hazards persist, pri-
marily due to the substantial influence of socioeconomic factors and the inherent 
high degree of uncertainty in flood hazard predictions. There is moderate confidence 
that anticipated heavy rainfall increases would lead to locally caused floods in minor 
river basins and urban areas. Under RCP8.5, there is an expectation of a decline in 
snowmelt floods, with these events projected to transpire 25–30 days earlier in the 
annual calendar by the conclusion of the 21st century (IPCC, 2022).

The projected changes in drought conditions are influenced by various fac-
tors, such as the definition of drought and the magnitude of change. In the CMIP6 
forecasts, it is observed that soil moisture and runoff drying are more persistent, 
widespread, and severe compared to changes in precipitation. As a result, agricul-
tural droughts are anticipated to occur more frequently and over larger areas than 
are meteorological droughts. For instance, extreme agricultural droughts, charac-
terized by soil moisture deficits, are expected to become more likely in several 
regions. These regions encompass northern South America, the Mediterranean, 
western China, and high latitudes within North America and Eurasia. Under a 
1.5°C global warming scenario, the likelihood of experiencing extreme agricultural 
drought is poised to double (100%), with this probability foreseen to escalate from 
150% to 200% at 2°C global warming, accompanied by an expanded geographical 

FIGURE 5.3  The prospective vulnerability to flooding, quantified as a percentage of 
the aggregate population impacted, exhibits spatial and temporal variations on a global or 
regional scale within distinct global warming levels (historical, 1.5°C, 2°C, 3°C, and 4°C). 
This assessment takes into account the population scenario of Shared Socioeconomic Pathway 
5 (SSP5) and utilizes climate projections derived from the Coupled Model Intercomparison 
Project Phase 6 (CMIP6).

Information Source: IPCC (2022)
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extent of impact. In the context of a 4°C global warming scenario, the probability 
of encountering extreme agricultural drought is estimated to surge by more than 
200%. Similarly, regions such as Australia, southern Asia, southwest Africa, and 
southwestern North America are anticipated to witness a heightened probability 
of agricultural drought ranging from 100% to 250% under 4°C global warming. 
However, certain areas, such as western and eastern Asia, central North America, 
the Sahel, the Horn of Africa, and the eastern Indian subcontinent, are projected to 
experience a reduction in the likelihood of extreme drought. These projections are 
supported by studies conducted by Cook et al. (2020) and the IPCC (2022). Even 
with significant climate change mitigation, the chance of drought is predicted to 
rise in many locations throughout the course of the 21st century, and it will worsen 
in the absence of this mitigation. The anticipated expansion of agricultural drought 
is poised to encompass larger geographical extents than meteorological drought. 
However, different types of drought generally exhibit comparable patterns of antici-
pated change in many places. Therefore, a clear definition of drought is crucial for 
influencing decisions.

5.3.5  Climate Change Implication on Precipitation Pattern in India

This section attempts to explore how precipitation patterns are changing in India, 
which is essential for identifying potential impacts and planning adaptation mea-
sures (discussed in Sect. 6.4). The findings can inform decision-makers in the water 
sector to develop effective adaptation strategies that are tailored to the local context, 
ultimately contributing to sustainable development.

The probable maximum precipitation (PMP), regarded as a crucial design cri-
terion, is anticipated to vary over time due to climate change effects and the inten-
sification of the global hydrological cycle. Hence, it is of utmost importance to 
reconstruct the PMP map and examine its temporal evolution within the context 
of climate change. To investigate the temporal changes in India, Sarkar and Maity 
(2020) generated a one-day PMP map for five consecutive time periods using three 
general circulation models (GCMs) (Figure 5.4). The time periods include two his-
torical periods (1901–1970 and 1971–2010) and three future periods (2010–2039, 
2040–2069, and 2070–2100). The results reveal a clear and significant increase in 
PMP over a large portion of India. Approximately 84% of the Indian mainland 
exhibits an upward trend in PMP, with an average rise of approximately 35% from 
the pre-1970 (1901–1970) to the post-1970 period (1971–2100). Specifically, when 
considering the recent past (1971–2010) and the far future (2071–2100) under the 
RCP 8.5 scenario, a rise in PMP is observed in 70–80% of India’s area, with an 
estimated average increase of 20%–35%. These findings underscore the consider-
able and concerning increase in PMP due to climate change, emphasizing the need 
for water resources engineers to account for these changes when revising planning 
and design strategies.

As a result of an increase in severe short-term precipitation, climate change has 
been reported to be manifested by an intensification of the hydrologic cycle. The 
intensity-duration-frequency (IDF) relationship may thus vary, which might affect 
other hydrological processes. To ensure the effective design of water infrastructure, 
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it is crucial to consider IDF curves as a fundamental source of information. In 
line with this, Maity and Maity (2022) conducted a study to examine the impact 
of climate change on IDF curves for precipitation in India (Figure 5.5). The study 
utilized two reanalysis datasets that portray historical conditions, alongside future 
precipitation simulations derived from three CMIP6 models. The future timeframe 
was segmented into three distinct periods: the immediate future (2015–2039), the 
near future (2040–2059), and the far future (2060–2100), all relative to the his-
torical reference period spanning from 1979 to 2014. Comparing the two sets of 
reanalysis data, the study revealed that under the SSP245 scenario, precipitation 
intensity is projected to increase by approximately 17% to 21%, while under the 
SSP585 scenario, the increase is expected to be in the range of 40% to 48%. The 
augmentation in precipitation intensity is conspicuously pronounced within the cen-
tral zones of India, spanning the coastal regions of Gujarat, the mountainous terrain 
of Himachal Pradesh and Uttarakhand, as well as the Terai region and northeast 

FIGURE 5.4  Projected maximum precipitation (PMP) maps for India delineated across 
three distinct future timeframes and predicated upon three different global climate models 
(GCMs)—denoted as M1, M2, and M3—employed within the current investigation under the 
Representative Concentration Pathway 8.5 (RCP 8.5) scenario.

Adapted from Sarkar and Maity (2020)
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FIGURE 5.5  (A) Percentage change in precipitation intensity for a 1-hour duration and a 100-year return period between future periods (2015–2039, 
2040–2059, 2060–2100) and the historical period (1979–2014) under three climate change scenarios. The precipitation data has been bias-corrected 
using the Indian Monsoon Data Assimilation and Analysis (IMDAA) as a reference. (b) The same analysis but with bias correction based on the Fifth 
Generation of the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERA5) dataset.

Adapted from Maity and Maity (2022)
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India. It is noteworthy, however, that the research also prognosticated a marginal 
uptick in precipitation intensity across geographical areas encompassing the des-
ert terrain, the southern peninsula, and the expansive northern plains. The results 
underscore the imperative of accounting for climate-induced shifts in IDF curves 
when formulating water infrastructure strategies in India. As opposed to the other 
two scenarios, SSP126, which expects sustainable growth in the future, predicts a 
negligible rise. With these alterations, their study concluded that India would see 
a considerable rise in hourly precipitation intensity in the future if the pattern of 
rapid growth and unrestrained usage of fossil fuels continues. As a result of cli-
mate change, India’s environmentally delicate Himalayan regions would face more 
frequent floods than the rest of the country. The most populous metro areas would 
also suffer severely as a result of an increase in the frequency of extremely intense 
precipitation in the near future.

To gain insights into the repercussions of climate variability on precipitation 
dynamics, Sarkar and Maity (2022) conducted a comprehensive evaluation of 
diverse facets of precipitation extremes, encompassing total precipitation, fre-
quency, and intensity (refer to Figure 5.6). The analysis harnessed data derived 
from a composite ensemble mean, comprising data from 14 GCMs sourced from 
the CMIP6 initiative. The investigation zeroed in on two distinct temporal epochs: 
the near-future span, from 2021 to 2060, and the far-future period, from 2061 
to 2100. Their study concluded that the changes in precipitation’s intensity and 
frequency together determine how much precipitation occurs overall over a given 
extreme threshold. The frequency variations, however, are what contribute most. 
Indeed, the alterations in intensity play a discernible role. Over the time span since 
1980, a substantial upswing in precipitation extremes, primarily driven by changes 
in frequency, has been evident across a substantial portion of the Indian subconti-
nent. Projections suggest that this trend is poised to persist in the ensuing decades, 
maintaining a comparable or potentially even more pronounced trajectory. Both 
historical and future periods have shown a notable and consistent intensification 
of both the frequency and intensity of precipitation extremes, leading to an overall 
increase in the total amount of severe precipitation, despite the infrequent occur-
rence of such extreme events. Moreover, the anticipated elevations in precipitation 
extremes during the near-future period exhibit a striking similarity under both the 
SSP245 and SSP585 scenarios. Nevertheless, in the far-future horizon, SSP585 
surpasses SSP245, implying a plausible influence of anthropogenic actions on the 
observed augmentation in precipitation extremes. Notably, the last decade has wit-
nessed a noteworthy shift within the realm of hydroclimatology research, with a 
growing emphasis on harnessing the substantial capabilities of artificial intelli-
gence and machine learning methodologies for the modeling of hydrometeorologi-
cal attributes (Elbeltagi et al., 2023a, 2023b, 2023c; Ibrahim et al., 2022; Khan  
et al., 2023; Kumar et al., 2023; Lee et al., 2020; Pande et al., 2022). These advance-
ments have allowed researchers to gain a more comprehensive understanding of 
the alterations occurring in the hydrological cycle, not only in specific regions 
like India but also on a global scale (Huntingford et al., 2019; Kraft et al., 2022; 
Mosaffa et al., 2022; Yang et al., 2021).
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5.4 � ADVANTAGES AND EFFICACY OF WATER-RELATED 
ADAPTATION STRATEGIES: GUIDING PRINCIPLES FOR 
ATTAINING SUSTAINABILITY AND CLIMATE RESILIENCE

There is a paucity of research on the efficiency of expected future adaptation in 
lowering climate hazards. Even yet, the results are not synthesized across dif-
ferent possibilities to provide a comprehensive evaluation of the success of the 
expected future adaptation. This section evaluates the advantages of present adap-
tation and the efficacy of anticipated future adaptation in lowering climate risks. 
Furthermore, it is imperative to highlight at this point that there is a conflicting 
opinion in the literature regarding how to evaluate how well present adaptation 
strategies are working to mitigate climate-related consequences. However, a 
number of approaches, such as feasibility analysis, have been used. Specifically, 
the IPCC (2022) has focused on examining the outcomes of water-related adap-
tation efforts across diverse facets, owing to the intricate challenges inherent in 
delineating and quantifying the efficacy of adaptation measures in mitigating 

FIGURE 5.6  This diagram delineates the regionally averaged augmentation in overall pre-
cipitation, occurrence frequency, and intensity spanning the Indian mainland, with a compar-
ative assessment of the post-1980 era relative to the pre-1980 period. The upper row provides 
a depiction of the magnitude of this augmentation, while the lower row illustrates the geo-
graphical scope of the observed increases. These transformations are subject to comprehen-
sive scrutiny across all five percentiles.

Adapted from Sarkar and Maity (2022)
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climate-related risks. A comprehensive review was undertaken, encompassing a 
total of 359 referenced studies that offered compelling substantiation of validated 
adaptation outcomes, serving as the underpinning for this assessment. Positive 
results show the advantages of adaptation, whereas negative results might indicate 
that adaptation was ineffective or maladaptive. The findings have been evaluated 
and presented in the following subsections.

5.4.1 � Present Responses to Water-Related Adaptation, Their 
Advantages, Synergistic Gains, and Maladaptation

There is a strong likelihood that the agriculture industry is responsible for a sizable 
portion of water-related adaptations. The livelihoods of populations in low-income 
countries are largely reliant on agriculture, which contributes to approximately 
60–70% of total water withdrawals. The adoption of adaptation measures is primar-
ily observed within the agricultural sector, with a majority of case studies stemming 
from Asia and Africa. While adaptation efforts in Europe and Australasia are pre-
dominantly focused on urban areas, agriculture remains the foremost sector for adap-
tation across all continents, with the exception of these regions (Schmied et al., 2021).

According to IPCC (2022), the foremost adaptation measures encompass enhance-
ments in crop varieties, advancements in agronomic practices, the implementation of 
efficient irrigation and water management methodologies, and the adoption of strate-
gies for conserving water and soil. The advantages stemming from these primary 
responses entail heightened agricultural incomes and yields, enhanced efficiency in 
water utilization, and their attendant outcomes. Nevertheless, it is crucial to note 
that these benefits are of an incremental nature, signifying their role in augmenting 
agricultural productivity and incomes, primarily in the short term. They may not, 
however, necessarily engender transformative gains or a commensurate reduction in 
the risks posed by climate change.

Although adaptation measures may yield short-term benefits, it is essential to 
acknowledge that not all such responses result in risk reduction, and certain adapta-
tions may inadvertently lead to adverse long-term consequences. Maladaptation fre-
quently results from inadequate planning and execution of adaptation actions and from 
failure to address the underlying reasons for vulnerability. A third of the 319 case stud-
ies by IPCC (2022) that examined adaptation response to having some positive effects 
also discussed the potential for maladaptation. Because migration can make migrants’ 
innate vulnerabilities worse, it frequently has unintended consequences. Moreover, 
maladaptive consequences may result from adaptation strategies that prioritize 
increasing incomes through increased output, such as groundwater over-exploitation. 
Similarly, interventions aiming for carbon neutrality, such as forestry and agroforestry, 
may also engender maladaptive consequences for land and water resources, particu-
larly when unsuitable species with elevated water demands are cultivated.

5.4.2  Projections Regarding the Future Efficacy of Adaptation Measures

In the present climatic conditions, numerous adaptation strategies have exhibited 
favorable impacts on outcomes of societal significance, and their continued relevance 
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will be indispensable in accommodating future climate change. Considering IPCC 
(2022), some of them are discussed as follows:

•	 The predominant body of research concentrates on the consequences of 
temperature increases up to 1.5°C and lacks substantiation for scenarios 
involving more pronounced warming. These conclusions suggest that alter-
ations in crop choices and agricultural systems may prove insufficient in 
effectively alleviating the envisaged climate-related hazards. In Africa, 
adaptation efforts at 1.5°C of warming are largely inadequate, carrying the 
potential for significant maladaptive outcomes. In Asia, effectiveness is pri-
marily insufficient at both 1.5°C of warming, resulting in notable residual 
effects, and at 4°C of warming, leading to significant residual risks.

•	 Research assessing the efficacy of irrigation-related measures in forthcom-
ing scenarios encompasses a range of strategies, including enhancements in 
irrigation efficiency, deficit irrigation practices, the expansion of irrigated 
zones, transitions from rain-fed to irrigated agriculture, and the adoption of 
specific irrigation methods. It becomes evident that there is a diminishing 
effectiveness observed across all geographical contexts as the temperature 
escalates from 1.5°C to more elevated levels, thereby amplifying the resid-
ual risk with sustained warming.

•	 Mulching, no-tilling, and contour farming are only a few of the water and 
soil management strategies that have been evaluated for future efficacy. 
Results highlight the necessity to carefully adapt particular options to a 
regional environment and the context-specific character of those options, 
with differences in options resulting in effective results or residual effects 
within individual studies and across locations and warming levels.

•	 The most effective agricultural adaptation outcomes are demonstrated by 
research evaluating combinations of the aforementioned agricultural adap-
tation alternatives, and these studies often predict moderate to high efficacy 
with the possibility of co-benefits. Even at greater degrees of warming, 
residual hazards are minimal, despite the existence of maladaptive effects.

•	 On a global scale, adaptations linked to agroforestry exhibit a degree of 
effectiveness ranging from moderate to notably high, particularly within the 
temperature range of 1.5°C to 2°C. Nonetheless, as temperatures advance to 
3°C and 4°C, there is a discernible reduction in efficacy, accompanied by a 
notable increase in residual risk and unfavorable consequences.

•	 As global warming increases, the co-benefits of adaptation related to flood 
risk decrease. The constraints inherent in the appraised alternatives become 
conspicuous as temperatures reach 3°C and 4°C of warming, ushering in an 
escalation of lingering risks across the majority of scrutinized scenarios.

Context-specific strategies that are sufficiently flexible to adapt to the constantly 
shifting conditions on the ground will be necessary for the practice to address the 
growing climate risk. Although residual impacts are anticipated at this warming 
level across industries and geographies, adaptation typically works better around 
1.5°C. The necessity for contextualized responses is further highlighted by the 
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possibility of further growing maladaptation across industries, locations, and at dif-
ferent warming levels.

5.4.3 � Foundational Principles Facilitating the Attainment 
of Water Security, Sustainable Development, and 
Climate Resilience Via Systemic Transformations

When considering the Sustainable Development Goals (SDGs), it is evident that water 
plays a central role in nearly all of them. Specifically, SDG6, which focuses on clean 
water and sanitation, as well as SDG11, which aims for sustainable communities 
and cities, explicitly addresses water-related issues. There exists a statistical correla-
tion between SDG1, aimed at poverty eradication, and SDG6, as poverty reduction 
serves to augment adaptive capacity in accordance with the adaptation objectives 
delineated in the Paris Agreement. The accomplishment of SDG2, which targets the 
eradication of hunger, is contingent upon ensuring equitable access to water for agri-
cultural purposes. SDG7, which underscores the importance of affordable and clean 
energy, relies upon water resources for hydropower generation. Additionally, the 
realization of SDG3, dedicated to promoting health and well-being, is intrinsically 
linked to access to fundamental infrastructure, including water and sanitation. The 
mitigation of water-related disasters assumes paramount importance for the achieve-
ment of SDG11. In summation, water assumes a pivotal and irreplaceable role in the 
pursuit of the SDGs, and its role in implementing the requisite systemic changes for 
fostering climate-resilient development (Fonseca et al., 2020; Iacobuţă et al., 2022; 
Srivastava & Chinnasamy, 2023). To this end, the following list of seven enabling 
concepts, as discussed by IPCC (2022), is essential for attaining water security and 
the SDGs and system transformations:

•	 Appropriate Technologies: Technology plays a significant role in the water 
adaptation response, and a variety of social elements, such as institutions, 
governance structures, and concerns of equality and justice, influence the 
effects of technology adoption.

•	 Adequate and Appropriate Financing: Funds for public and private adap-
tation go largely towards water. However, the present COVID-19-related 
reductions in adaptation funds may make it even more difficult for develop-
ing nations to make sufficient investments in water adaptation.

•	 Gender, Equity, and Social Justice: There is a strong likelihood that not 
all communities will experience the impacts of water insecurity driven by 
climate change. Women, children, people with disabilities, and Indigenous 
Peoples are particularly at risk because they have limited access to appro-
priate water, which varies by race, ethnicity, and caste. Since a changing 
climate most severely impacts the poorest people and nations in the world, 
equity and justice are thus essential to both sustainable development and 
adaptation to climate change.

•	 Inclusion of Indigenous Knowledge (IK) and Local Knowledge (LK): IKLK 
possesses adaptability and has demonstrated its ability to evolve over time, 
employing culturally specific and location-based approaches in response to 
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climatic and environmental changes. To effectively address water security 
and other related areas, the collaboration between holders of ILK and tech-
nical knowledge through ethical co-production emerges as a crucial facili-
tating factor for the implementation of adaptation measures and strategies. 
This cooperative process acknowledges the importance of integrating the 
wisdom and expertise of ILK holders with scientific and technical knowl-
edge, ensuring a holistic and inclusive approach to addressing challenges in 
various domains.

•	 Participative, Cooperative, and Bottom-Up Engagement: To uphold the 
legitimacy and inclusivity of the decision-making process and foster the 
development of adaptation measures characterized by social justice, it is 
imperative to actively incorporate and engage marginalized and dispropor-
tionately impacted demographics, including women and Indigenous Peoples, 
in participatory and grassroots decision-making processes. By integrat-
ing these communities, which exhibit heightened vulnerability to climate 
change repercussions, a more comprehensive and equitable approach can be 
realized. This approach ensures that their voices, requirements, and view-
points are duly acknowledged and integrated into adaptation strategies.

•	 Polycentric Water Governance: Polycentric governance assumes a pivotal 
role in facilitating enhanced water management and the successful imple-
mentation of climate change adaptation measures. Nevertheless, to secure 
its effectiveness and prevent the exacerbation of prevailing disparities, it is 
imperative to encompass and meaningfully engage less influential stake-
holders, including women, Indigenous Peoples, and young individuals, in 
the decision-making procedures. Their meaningful participation and rep-
resentation are key to achieving more equitable outcomes in water manage-
ment and climate adaptation initiatives. By including diverse perspectives 
and addressing power imbalances, polycentric governance can contribute 
to more inclusive and socially just outcomes, aligning with the principles 
of scientific rigor and promoting equitable and effective climate change 
adaptation.

•	 Strong Political Support: Insufficient institutional capacity poses a sig-
nificant barrier to adaptation efforts in the water sector. Overcoming this 
obstacle, along with gaining strong political support, is crucial to achiev-
ing the goal of limiting global warming to 1.5°C. Inadequate institutional 
support can impede the implementation of effective water management 
strategies and hinder adaptation initiatives in response to climate change. 
Addressing this lack of institutional capacity is essential to enable success-
ful adaptation measures in the water sector, ensuring scientific rigor in the 
pursuit of climate change mitigation and adaptation goals.

5.5  CONCLUSIONS

This study has contributed significant insights into the hydrological modifications 
resulting from climate change and their consequences for water resources. The 
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investigation delves into the observed and anticipated shifts in precipitation, evapo-
transpiration, soil moisture, river floods, drought occurrences, and various hydro-
logical indicators, consequently underscoring the susceptibility of the water sector to 
the ramifications of climate change. The findings have established a clear association 
between acute water scarcity and the impacts on water resources. These include a 
heightened frequency and intensity of heavy precipitation, accelerated glacier melt, 
alterations in the occurrence, magnitude, and timing of floods, increased incidence 
and severity of droughts in specific regions, and degradation of water quality due to 
extreme events. In a comprehensive assessment, it can be concluded that the cumu-
lative outcomes of these anthropogenic activities have affected all major sectors—
agriculture, energy and industry, water supply for health and sanitation, urban and 
municipal water provision, and freshwater ecosystems—by subjecting them to  
the influences of climate change and extreme weather events on water resources. 
The study thus emphasized the need for effective water-related adaptations to ensure 
water security and sustainable development. The seven enabling principles were 
identified in this study as a roadmap for policymakers and stakeholders to develop 
effective regional adaptation strategies. To summarize, the study has the following 
focused conclusions to make:

•	 Human-induced climate change has led to significant alterations in the 
global water cycle, resulting in shifts in precipitation patterns and increased 
variability in extreme weather events. The impacts of these changes are far-
reaching, affecting millions of people living in areas with shifting precipita-
tion extremes. Projections for changes in precipitation vary across regions, 
but models suggest that heavy precipitation events will become more fre-
quent and severe. Without significant reductions in GHG emissions, the 
water cycle will continue to be significantly altered, and dry periods may 
increase in areas where they are already expected to rise. It is imperative to 
act to mitigate the effects of climate change and protect vulnerable popula-
tions and ecosystems.

•	 Recent studies have shown a significant increase in global ET, which can 
be attributed to human activities and natural factors. Changes in vegeta-
tion play a significant role in the increase in ET, with transpiration con-
tributing to a large portion of the water exchange between land and the 
atmosphere. The CMIP6 ensemble predicts varying changes in ET across 
different regions under 4°C global warming, with some regions experienc-
ing a decrease in ET. The projected ET changes are influenced by various 
factors, including soil moisture, weather, and plant physiological responses 
to increasing CO2, and the impact of elevated CO2 on ET is dependent on 
factors such as LAI and transpiration.

•	 The ‘Wet Grow Wetter, Dry Get Drier’ paradigm inadequately explains 
observed soil moisture trends, especially in arid regions, where changing 
precipitation-ET balance causes soil moisture declines. Human-induced 
climate change will amplify these trends. Monitoring and managing soil 
moisture is crucial for climate adaptation. CMIP6 models vary in project-
ing soil moisture changes due to global warming. Ignoring CO2’s direct 
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impact on plant transpiration leads to aridity overestimation. Projections 
suggest escalating global warming will intensify soil moisture changes, 
potentially reducing levels by up to 40% in specific regions under a 4°C 
global warming scenario.

•	 The analysis of precipitation patterns in India reveals significant changes due 
to climate change. The PMP has shown a notable increase, particularly after 
the 1970s, and is projected to rise further in the future. The IDF relation-
ship of precipitation is also expected to change, with an increase in intensity, 
especially in the central parts of India. These changes indicate a rise in severe 
short-term precipitation and the likelihood of more frequent floods in envi-
ronmentally vulnerable regions. The frequency of precipitation extremes has 
been predominantly increasing, with both intensity and frequency contribut-
ing to the overall increase. However, the anthropogenic influence on precipi-
tation extremes is more pronounced in the far-future scenario.

•	 Human-induced climate change has had significant impacts on the occur-
rence and intensity of floods and droughts globally. Floods have become 
more frequent and severe in the tropics and northern mid-latitudes, while 
droughts continue to cause harm to society. Regional and national dis-
parities influence the vulnerability and exposure to these events. However, 
global trends suggest that the economic susceptibility to droughts is declin-
ing. While the projected scenarios are subject to uncertainty and socioeco-
nomic factors, adaptation measures are necessary to mitigate the adverse 
effects of floods and droughts. Urgent action is needed to address climate 
change and its impacts.

•	 Water-related adaptations are crucial to address the impact of climate 
change, especially in the agriculture sector. While short-term benefits can 
be achieved through these adaptations, it is important to ensure that they 
lead to transformational benefits in the long run and avoid unintended con-
sequences and maladaptive outcomes. Achieving sustainable and resilient 
development requires enabling principles, such as adequate financing, 
gender equity, social justice, and strong political support. Equitable and 
just water governance and management are also crucial to ensuring that 
vulnerable populations are not left behind in the effort to achieve water 
security.
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6.1  INTRODUCTION

Indian agriculture is swiftly shifting towards sustainability from yield-focused 
approaches. Climate change threatens productivity, altering practices and water 
availability. Tech solutions like artificial intelligence (AI), the Internet of Things 
(IoT), and robotics offer hope for managing constraints, boosting production, and 
countering climate effects. With population growth, doubling food output faces chal-
lenges from land scarcity (Chand 2022). Advanced tech can enhance practices, curb 
climate impact, optimize resources, and foster sustainable agriculture.

6.2  GAP IN KNOWLEDGE

Our country seeks eco-friendly, sustainable agriculture through advanced tech and 
resource optimization. The growing information and communications technology 
(ICT) sector and socio-economic shifts offer precision agriculture opportunities, 
reducing global disparities. There is a need to integrate nutrient balance, eco-
hydrology, climate forecasts, and crop simulation for holistic impact.

6.3 � TECHNOLOGY-DRIVEN SMART 
MANAGEMENT OF AGRICULTURE

Modern farming tech, including AI, analytics, sensors, and IT platforms, boosts 
yields, water efficiency, and sustainability. Global internet access and mobile use 
revolutionize communication, aiding service delivery. Successful agricultural con-
nectivity could add $500 billion to the global gross domestic product (GDP) by 
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2030. Advanced tools transform agriculture worldwide, simplifying processes and 
enhancing product quality and value. Technology aids smallholder farming in India, 
addressing traditional challenges. Integration of sensors, global positioning systems 
(GPS), and data assists rural farmers in production strategies, finance, and market 
insights. ICT offers vital crop information, weather alerts, and water resource details, 
enhancing productivity and resilience.

ICT in modern agriculture transforms developed countries farming with IoT, 
machine learning (ML), cloud computing, and Big Data (Figure 6.1). The United 
States and Europe employ remote sensing, drones, and data gathering for preci-
sion farming. Projects like FATIMA (FArming Tools for external nutrient Inputs 
and water MAnagement), an EU-funded project under Horizon 2020, involved nine 
countries. Landsat-8 and Sentinel-2 satellite data tracked traditional crop plots. Over 
three years, harvest data enhanced crop water forecasts and yield insights (Stamatiadis 
et al., 2018), and the OpenET platform in the western USA offers satellite-based evapo-
transpiration (ET) estimates for enhanced water management. Users access ET data 

Smart
Agriculture

Better regulatory policy and governance

Optimum use of inputs

Circular economy based improved supply chains

Enhanced market information and access

Environmental sustainability

Early warning systems and disaster management

Food safety and traceability

Financial inclusion and risk management

Better capacity building, empowerment,
extension and advisory services

Precision farming with irrigation scheduling

FIGURE 6.1  Facets of smart agriculture.
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at field scale on openetdata.org, even at quarter-acre resolution (Melton et al., 2021). 
They utilize satellite data for water management and crop yield forecasting. User-
friendly tools, like DSS and mobile apps, Web-based tool, URL, and GUI, aid farm-
ers in optimizing practices and resources. IoT monitors soil, plant, and supply chain 
health, while AI-powered agrobots herald self-managed precision farming’s future.

6.4  INDIA’S WATER WOES AND OPPORTUNITIES

India’s total water resources are 1123 billion cubic meters (BCM), while demand 
may reach 1200 BCM by 2050, straining supply (Gupta and Deshpande 2004). 
Agriculture, using 90% of water, faces declining groundwater and inefficient irri-
gation. Canal network efficiency is 35–50% (Madhok, 2020) with potential for 
improvement. Rainwater harvesting helps marginally, but demand outpaces supply 
growth. Enhancing water use efficiency and adopting modern tools are crucial to 
combat scarcity and sustain ecosystems (Drechsel et al., 2015). Agricultural water 
productivity is the benefit-to-water ratio in farming. Enhancing it involves minimiz-
ing losses during water distribution and application. Adoption of modern tools for 
optimized water scheduling is vital for improvement (Molden and Oweis, 2007).

6.5  MANAGING LAND AND WATER: NOVEL APPROACHES

Sustaining agriculture relies on conserving vital resources like land and water. 
Climate change disrupts water availability, requiring efficient management. Low 
crop productivity due to factors such aslimited irrigation, poor soils, and high 
costs challenges farmers. Government intervention with modern tools is essential. 
Water management, especially efficiency enhancement, is critical for sustainable 
production. New practices, micro-irrigation, and technology adoption are vital. 
Community-based approaches and innovative technologies can improve yields, 
quality, and reduce environmental impact. Micro-irrigation eases rainfed areas’ reli-
ance on groundwater, boosting yield and reducing greenhouse gas emissions.

6.6 � CASE STUDY I: PRECISION AGRICULTURE 
DEMONSTRATION PLOTS ESTABLISHED UNDER 
THE DST-FUNDED PROJECT IN KERALA

Precision agriculture for managing water and nutrients in a precise way was car-
ried out in Kerala as a farmer participatory approach in a Department of Science 
and Technology (DST)-funded project as demonstrations (Figure 6.2). Plots were 
assessed for soil, water, and power, with drip fertigation systems installed accord-
ingly. The Food and Agriculture Organization (FAO)’s CROPWAT estimated crop 
water needs, receiving 100% irrigation. Fertigation matched soil and crop test val-
ues. The HYDRUS model guided irrigation scheduling, with soil wetting pattern 
data (Figure 6.3) showcasing effectiveness. Advanced tools for precise water and 
nutrient application boosted crop yield in demonstrations. Yield increase ranged 
from 13% to 124% over control. Drip fertigation’sbenefit-cost ratio ranged from 2.05 
to 3.50 for chosen crops.

http://openetdata.org
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FIGURE 6.3  Simulated soil wetting pattern for coconut plot at Thiruvananthapuram.

FIGURE 6.2  Selected demonstration plots in Kerala.
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6.7 � CASE STUDY II: DROUGHT MANAGEMENT USING RS, GIS, 
AND MODELLING TECHNIQUES AS A TOOL TO SUSTAIN 
THE CROP PRODUCTIVITY AND WATER MANAGEMENT

Satellite data aids drought management by offering real-time insights using indices 
like Normalized Difference Vegetation Index (NDVI), Water Stress Index (WSI), 

FIGURE 6.4  Anomaly/drought map of Palakkad district for the biweek of 9th May over the 
period 2000–2016.
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FIGURE 6.5  Spatial representation of NDVI anomaly for Wayanad district.
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Temperature Condition Index (TCI), and Vegetation Condition Index (VCI). The 
NDVI is widely used for vegetation health and drought analysis. Kerala’s rainfed 
farming (80% of land) necessitates drought understanding for effective water man-
agement and sustained crop production. An anomaly/drought map (Figure 6.4) of 
the Palakkad district for the biweek of 9th May over the period of 2000 to 2016 
shows severe drought years aligning with actual drought declarations (2000, 2009, 
2013, 2016).

In Kerala, NDVI analysis revealed differing climatic scenarios due to strong El 
Niño (2015–2016) and weak El Niño (2006–2007) conditions. Figure 6.5 shows 
distinct vegetation index images for these periods, impacting NDVI anomaly and 
drought predictions. The image showed that in April and May 2007, the vegetation 
index is much better when compared to 2016 images, and this has a direct impact 
on the NDVI anomaly or drought prediction map. The Wayanad district exhibited 
higher drought patches, influencing coffee yield (Figure 6.5). Yield data have con-
firmed that Arabica coffee declines in strong El Niño years, while Robusta fared 
better (Figure 6.6), suggesting Robusta’s suitability in Wayanad due to climate varia-
tions (Jayakumar et al., 2016). Climate adaptation strategies are crucial for sustain-
ing Arabica coffee production.

Figure 6.7 shows the drought risk map of Kozhikode, which will give an under-
standing for effective water management.

6.8  CONCLUSION

Comprehensive drought risk mapping aids stakeholders, policymakers, and planners 
in real-time monitoring and severity assessment. It informs effective strategies like 

FIGURE 6.6  Impact of El Niño on Arabica and Robusta yield of coffee in Kerala.
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potash/kaolin spray, mulching, conservation, and irrigation methods for sustained 
crop production and water supply in vulnerable regions. Policymakers can identify 
and support drought-prone areas, empowering local bodies to aid rural farmers and 
agriculture.
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7.1  INTRODUCTION

India is one of the most populated countries, and according to world population pros-
pects, the population is going to increase further, as per statistics. This will lead to a 
continuous increase in food demand, agricultural activities, and, consequently, mis-
management of agricultural residues (agro-residues). Wheat and rice crops contribute 
about 63% of the total agro-residues generated in India, and 69% of the total agro-
residues burned is associated with the wheat and rice crop systems (Ravindra et al., 
2019). Approximately 3.15 million hectares area of Punjab are under rice cultivation, 
accounting for 85% of the total cropped area during the kharif season. Punjab con-
tributes about 22.6% of the central pool of rice and produces 10% of the total rice of 
India (ESO, 2021). Rice straw has a high silica content, making it unsuitable for use 
as animal fodder, unlike wheat straw, which is largely used for animal feed (Lohan 
et al., 2018). There are several challenges associated with straw management faced 
by farmers, i.e., the effective utilization of rice straw residues to clear the field for 
sowing the next rabi crops and small land holdings for machinery, costly rice straw 
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management, and an insufficient supply of equipment hiring services. Moreover, the 
lack of technical knowledge, low demand for ex-situ applications of straw, involve-
ment of lack of private firms, and unattractive economic returns (Bhattacharyya 
et al., 2021). Therefore, farmers tend to burn the straw residues to clear the field, 
which results in greenhouse gas (GHG) emissions and air pollution. Every year, stub-
ble burning has become a regular practice in Punjab and Haryana, which causes air 
pollution (~42 ± 17%) in nearby states of India, especially in the Delhi area, through-
out the winter and autumn (Bikkina et al., 2019). Additionally, emitted fine particu-
late matter (PM2.5) causes major negative effects on human health (Balakrishnan 
et  al., 2019). A total of approximately 44,000–98,000 premature deaths due to 
PM2.5 exposure were reported annually caused by the burning of agricultural resi-
dues, where Punjab, Haryana, and Uttar Pradesh contributed 67–90% of the total 
(Lan et al., 2022).

Satellite remote sensing is one of the techniques used worldwide for monitor-
ing forest fires, residue burning events, mapping the area burned, and quantifying 
the residue burned with the emerging space-based imaging technology, processing 
capacity, and data analytics approaches (Korontzi et al., 2006). The satellite remote 
sensing data from CREAMS (2020) reported 79,093 fire events that took place in 
Punjab after the paddy (rice) harvest during the period of October to November 
2020. The most burning events occur within 20–25 days from mid-October to mid-
November, which reflects the main reason for stubble burning, i.e., the minimal 
duration available for clearing fields to sow rabi crops. According to Maraseni and 
Qu (2016), the Indian agriculture sector generates 658,823 Gg CO2eq. emissions, 
which is 12.2% of total global GHG emissions from the agricultural sector. As 
per MoEFCC (2021), the contribution of the Indian agricultural sector to the total 
GHG emissions of India is 14%, where stubble burning is accountable for 2.2% of 
emissions.

Severe impacts of stubble burning show a need to develop an alternative to use 
agro-residues instead of burning and assess its impacts on the environment. Raza 
et  al. (2019) suggested spreading awareness about the adverse impacts of agro-
residues burning and providing training to farmers about sustainable agro-residues 
management practices. The use of agro-residues for biocomposites could be an 
alternative to stubble burning and can reduce air pollution, relative health prob-
lems, and GHG emissions, as illustrated in Figure 7.1. Moreover, the use of these 
biocomposites can also contribute to reducing GHG emissions in the construc-
tion industry due to synthetic materials and promote sustainable infrastructure 
development.

The rice straw consists of 39–45% cellulose, 19–30% hemicellulose, 5–28% 
lignin, and 8–17% ashes. The provided ratio of constituents may vary according 
to crop variety, cultivation method, fertilizers, climate, and environmental condi-
tions (Sharma et al., 2019; Singh and Arya, 2021). Cellulose is a long linear chain 
of polymer, hemicellulose is a smaller cross-linked polymer, and lignin is a poly-
meric aromatic structure. A complex 3D structure is formed by all these polymers 
combined called lignocellulose (Ralph et al., 2004). High silica content, ash con-
tent, and wax layer on the surface of rice straw results in a weak bond between the 
straw and resin and reduces the strength of biocomposites (Li et al., 2010; Zhang 
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and Hu, 2014). An improvement in the adhesive properties of rice straw–based 
fiberboards is reported due to the removal of ash and wax using mechanical, chem-
ical, physical, or biological pretreatments (Basta et al., 2014). Dong et al. (2019) 
reported the enhancement in thermal properties and stability of biocomposites due 
to wheat straw. In addition, enhancement in the dynamic strength of structure with 
sisal fiber–based biocomposites was observed (Saini and Matsagar, 2023). Thus, 
natural fibers can be used in various forms, i.e., biocomposites and reinforcement 
for construction, with some improvement in the properties of natural fibers (Daba 
et al., 2023).

However, the processing and management of agro-residues are some of the major 
challenges, which require a large number of heavy vehicles for logistics, storage 
facilities, and skilled labor (Kurinji and Kumar, 2021). The estimation made in the 
study showed that transportation of rice straw bales over a 5–15 km distance from 
a farm to the straw storage center generally costs 1,150–1,350 INR (14–16 US$) per 
ton of straw. Out of the total cost incurred to deliver straw from the field to the straw 
bank, approximately 55% is associated with cutting and baling (Kurinji and Kumar, 
2021). A similar study by Nguyen et al. (2016) estimated straw collection cost as 
1,000–1,500 INR (12–18 US$) per ton of straw and corresponding GHG emissions 
as 60–165 kg CO2eq. per ton of straw collected.

As per a study performed by Krasny et  al. (2017), a straw bale house has the 
advantages of half of the energy consumption, smaller peak heating load, negative 
global warming potential (GWP), and lower cost of construction as compared to 
conventional concrete houses. Singh and Arya (2021) also showed the environmen-
tal and financial advantages of cleaner technologies, such as straw conversion into 
biohydrogen, biomethane, bio-oil production, biochar, etc.

A life-cycle assessment (LCA) study (Soam et al., 2017) reported 1,213 kg CO2eq. 
GHG emissions in the decomposition of straw into the field as fertilizer, 185 kg 
CO2eq. in the processing of 1 ton straw to animal fodder, 1,471 kg CO2eq. in power 
consumption, and 1,023 kg CO2eq. in biogas. A net reduction in GWP of 1,343 kg 
CO2eq./ton, 1,220 kg CO2eq./ton, and 1,162 kg CO2eq./ton of straw is obtained by 
gasification, incineration, and anaerobic digestion, respectively. However, insignifi-
cant corresponding economic benefits of 535 INR/ton, 510 INR/ton, and 168 INR/
ton of rice straw were reported, respectively. On the contrary, fermentation and inte-
grated operation of anaerobic digestion resulted in 900–1,525 INR/ton of financial 
benefit with 152–288 kg CO2eq./ton of net GWP reduction (Singh and Basak, 2019). 
Production of biocomposite strawboards offers a higher economic return to farmers 
and manufacturers than traditional straw management practices. LCA of 1 m3 rice 
straw and bamboo biocomposites showed a net carbon flux of −1,198.49 kg CO2eq. 
for its production (Pang et al., 2022).

Theng et al. (2017) and Theng et al. (2019) showed that rice straw pretreatment, 
such as digestion plus defibration, consumes specific energy of 6.176–8.52 kWh/kg 
dry matter, whereas 0.668–0.946 kWh/kg dry matter specific energy was required 
for twin screw extrusion of straw fibers. The environmental impacts of the con-
ventional density board were reported to be higher than the straw density board 
(Deng et al., 2023). Thus, it is observed that the production of biocomposite from 
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agro-residues is beneficial over stubble burning from environmental, sustainable, 
and economic aspects.

However, the main challenges in the production of these biocomposites are 
reported as obtaining comparative material properties, performance, and cost as 
compared to wooden boards at a larger scale (Li et al., 2010). Therefore, there is a 
need for a study to improve their mechanical and physical properties and strength. 
The main objectives of this study are: (a) to compare GHG emissions in the produc-
tion of biocomposite from agro-residues and in the burning stubble; (b) to estimate 
GHG emissions from the LCA in the production of rice straw biocomposite fiber-
boards and particleboards; and (c) to compare the fiberboards and particleboards 
with industrial bioboards and wooden boards, and present their feasibility for sus-
tainable infrastructure development.

7.2  EMISSIONS IN STUBBLE BURNING

In this study, emissions from stubble burning are estimated considering emission fac-
tors of various pollutants, and further, the environmental impacts of the pollutants are 
assessed. The emission factors in stubble burning are dependent on the climatic zone, 
type of fire, carbon content of the material, moisture content, and environmental 
conditions prevailing in a field. The emission for biomass burning is obtained using 

FIGURE 7.1  Comparison between the path of open-field burning and production of biocom-
posites from agro-residues.
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Equations 7.1 and 7.2 (Andreae and Merlet, 2001). Some studies (Eggleston et al., 
2006; Andreae, 2019; Ravindra et al., 2019; Kanabkaew and Oanh, 2011) obtained 
the emissions of pollutants from biomass burning, as per Equation 7.1, as listed in 
Table 7.1.

	 EF
M

M
C

M

M
Cx

x

bio
bio

x

c
bio

      ,� (7.1)

	 EF
X

C C C
Cx

CO CO CH
bio

2 4


 

     
...

,� (7.2)

where EFx is the emission factor for species X, Mx is the total mass of considered spe-
cies, Mc is the mass of carbon emitted, [C]bios is carbon concentration in the biomass 
burned, [X] is the concentration of species X in the smoke, and CY is the concentra-
tion of various carbon gases and pollutants in the smoke (i.e., Y: CO2, CO, CH4, EC: 
elemental carbon, etc.). There are various uncertainties associated with emission 
factors of GHG emissions from various types of biomass burning. Therefore, select-
ing acceptable emission factors as per the prevailing conditions is important for the 
estimation of GHG emissions.

The statistics for annual crop production and quantity of agro-residues burned in 
the cities of Punjab and Haryana are presented in Figures 7.2 and 7.3 (CREAMS, 
2020). In this study, emission factors (Kanabkaew and Oanh, 2011) are adopted 
to estimate GHG emissions due to rice (paddy) straw burning. Moreover, GHG 
emissions are presented in terms of CO2 equivalent (CO2eq.) using global warming 
potential (GWP) (Eggleston et  al., 2006). The highest quantity of agro-residues 
is produced in the Sangrur and Karnal cities of Punjab and Haryana, respec-
tively. Approximately 50% and 15% of produced agro-residues are burned in the 

TABLE 7.1 
Comparison of Emission Factors (g/kg) of Various Pollutants in the Burning 
of Agricultural Residue

Pollutant
Eggleston et al. 

(2006)
Kanabkaew and 

Oanh (2011)
Andreae 
(2019)

Ravindra et al. 
(2019)

CO2 1,515±177.00 1,177.00 1,430±230.00 1,467.00

CO 92±84.00     93.00 76±55.00     72.85

CH4 2.70     9.59 5.9±4.80     6.05

N2O 0.07 - 0.09±0.04     0.62

NOx 2.5±1.00     2.28 2.4±1.20     2.30

NH3 1.30     4.10 0.99±0.63     2.41

SO2 0.40     0.18 0.88±0.92     0.27

PM2.5 3.90     8.30 8.2±4.40     7.05

EC 0.69±0.13     0.51 0.42±0.28     0.49
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FIGURE 7.2  Production and burning of agro-residues in different cities of Punjab from 
October to November 2020 in the post-harvest season (CREAMS, 2020).

post-harvest seasons of Punjab and Haryana, respectively. It is essential to identify 
the most stubble burning hotspots to propose and investigate alternative in-situ or 
ex-situ agro-residues or straw management strategies. Ten cities of Punjab, as shown 
in Figure 7.2, mainly contribute to 75% of the total stubble burning. Therefore, 
these cities should be prioritized for different agro-residues management policies 
and strategies.

Accordingly, GHG emission factors for Punjab and Haryana are estimated based 
on the data of burned agro-residue, as provided in Figures 7.2 and 7.3. The emission 
of prime GHG in Punjab and Haryana and corresponding estimated emission fac-
tors are given in Table 7.2. More than 20.3 million tons CO2eq. and 2.3 million tons 
CO2eq. major GHG emissions are obtained in Punjab and Haryana, respectively, 
during the period from October to November 2020.
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FIGURE 7.3  Production and burning of agro-residues in different cities of Haryana from 
October to November 2020 in the post-harvest season (CREAMS, 2020).

TABLE 7.2   
Estimated Emissions of Various Pollutants from Burning of Rice Straw 
Residues from October to November 2020 in Punjab and Haryana

Parameter CO2 CO CH4 N2O NOx NH3 SO2 PM2.5 EC
Emission factor (g/kg) 1177.0 93.0 9.6 0.5 2.3 4.1 0.18 8.3 0.5

Emissions in Punjab (Gg) 15117.8 1194.5 123.2 6.2 29.3 52.7 2.3 1066.6 6.5

Emissions in Haryana (Gg) 1673.0 132.2 13.6 0.7 3.2 5.8 0.3 11.8 0.7
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7.3 � EMISSIONS IN THE PRODUCTION OF 
BIOCOMPOSITES FROM AGRO-RESIDUES

There are various steps involved in the production of biocomposites from agro-residues, 
i.e., collection, transportation, processing, and manufacturing, as presented in Figure 7.1.

7.3.1  Collection of Agro-Residues in the Field

The main reasons for stubble burning are the unavailability of space, machinery 
requirements, and limited time availability for rice straw management to sow the 
next crop. Kumar et al. (2015) reported that approximately 80% of the rice cultivated 
area in Punjab is harvested using a mechanical harvester. The disadvantage of this 
harvester is that it spreads rice residues in the fields while harvesting, which creates 
difficulty in collecting agro-residues. Therefore, an efficient process of residue col-
lection needs to be implemented.

The collection process with appropriate steps can make the process efficient, i.e., 
cutting, raking, baling, and loading. The raker is used to collect spread agricultural 
straw after cutting the crop with a mechanical harvester while keeping some straw 
as a biodegradable fertilizer for the soil. Afterward, the collected straw is dried and 
baled. These bales are easy to handle and transport to storage sites. In this collection 
process, emissions occur due to fuel and power consumption of machinery. The typi-
cal emissions of GHG from each collecting process are mentioned in Table 7.3. Here, 
the energy consumed by manpower is neglected.

Hence, GHG emissions are estimated as:

	 Emission= QFuel × EFFuel,� (3)

where EFFuel is the emission factor of fuel, and QFuel is the quantity of fuel con-
sumed per kg straw transported. As per Eggleston et  al. (2006), depending upon 
the provided net calorific value (45.145 MJ/kg), the density of diesel fuel (0.84 kg/l), 
and the CO2 emission factor for diesel (74,100 kg CO2eq./TJ), the emission factor 
is obtained as 2.81 kg CO2eq./l. The quantity of fuel consumption depends upon 
the type of vehicle, distance traveled, and average fuel consumption of the vehicle. 

TABLE 7.3   
GHG Emissions during the Collection of One Ton Agro-Residues from the 
Field

Process
Fuel Efficiency  

(l/acre)
Fuel

(l/ton agro-residue)
EF

(kg CO2eq./l)
Emissions

(kg CO2eq.)
Cutting 3 1.28 2.81 3.60

Raking 4 1.71 2.81 4.81

Baling 7 2.99 2.81 8.41

Loading 2 0.86 2.81 2.40
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Fuel consumption and GHG emissions estimated in individual processes of the col-
lection are given in Table 7.3. It is observed from the data that a total of 6.84 l fuel 
is consumed for one ton of agro-residues, and corresponding 19.23 kg CO2eq./ton 
emissions take place in the collecting process. Some researchers (Jiang et al., 2020; 
Alengebawy et al., 2022; Bressan et al., 2022) also reported emissions of 27.64 kg 
CO2eq., 20 kg CO2eq., and 23.84 kg CO2eq. per ton agro-residues in the collection 
process, respectively. In this study, for the estimation of GHG emissions, the average 
yield of rice straw is considered as 2.33 tons/acre according to the characteristics 
of fields in Punjab (Ebrayi et al., 2007; Soam et al., 2016; Singh and Basak, 2019). 
Accordingly, 109.7 kg CO2eq. emission is expected per hectare.

7.3.2 �T ransportation of Straw and Other Materials 
to the Manufacturing Plant

The collected bales of agro-residues (average density of 150 kg/m3) are generally 
transported to some (local) storage facilities from fields with vehicles, such as trac-
tors, trucks, and trolleys. In this study, it is assumed that the storage facility is within 
a 10 km radius of a field and the manufacturing site is within a 40 km radius of the 
storage facility. Approximately one ton of agro-residues is transported to a storage 
facility with an average size tractor of 4.5 km/l efficiency, whereas 10 tons of agro-
residues are transported to a manufacturing site with a truck of 5.5 km/l efficiency. 
Furthermore, to manufacture biocomposites from agro-residues, additional resin for 
binding, wax for removing a mold, and additional accessories are needed. These 
materials are considered to be transported from a 300 km distance with a vehicle 
of 10 tons carrying capacity. This one-way transportation of resin and wax to the 
manufacturing site results in a 1.83 kg CO2eq./ton unit. The capacity of commercial 
vehicles is decided based on their size, height, and weight limit (BEE, 2020). The 
total fuel consumption per ton of load is calculated as:

	 QFuel = FE × D,� (4)

where FE is fuel efficiency (l/km), and D is the distance traveled with load (km/ton). 
Accordingly, using Equation 7.3, GHG emissions are estimated as 18.35 kg CO2eq./
ton. Soam et al. (2016) reported an emission of 18 kg CO2eq./ton for the transporta-
tion of straw in their study. The GHG emissions resulting from the transportation 
process can be reduced by using locally available materials in manufacturing.

7.3.3 M anufacturing of Biocomposites from Agro-Residues

Biocomposites are made from resin or matrix reinforced with natural fibers. The 
resin can be synthetic or natural, which works as a binder for fibers in the composite. 
Manufacturing biocomposites from agro-residues or straw requires the processing of 
agro-residues first to obtain a stronger bond between fibers and resin. The processing 
of agro-residues involves drying to reduce moisture content, chopping to make them 
easy to handle, dedusting and washing to clean the silica, and surface treatment to 
remove impurities and improve the bond between fiber and resin. In this section, 
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GHG emissions and energy consumption in various processes involved in the manu-
facturing of rice straw fiberboards and particleboards are presented. After drying 
agro-residues, they are chopped to 10–20 mm size with hammer milling (Halvarsson 
et al., 2010). Subsequently, dust is removed from the ground residues by using an 
air-density separator and soaked in a defibrator. In the defibrator, a rotation of 1500 
rpm with 0.5–0.6 MPa for one minute is applied for defibration. The soaked resi-
dues are dried in an oven or with a dryer until the moisture content stays up to 10%. 
Sometimes, additional alkali, hygrothermal, and acidic treatments are implemented 
to improve the properties of agro-residues and surfaces for bond. Subsequently, on a 
rotary drum blender, resin (5%) and wax (1%) are sprayed on fibers. The wax protects 
the surface of the fibers from water. Further, the sprayed fibers are converted to a 
sheet in a hot pressing machine at 180°C, and 5 MPa for 80 s up to the required thick-
ness is achieved. The obtained fiberboard from hot pressing is cooled and refined for 
further packaging and transport.

The emission factors of additional materials used, i.e., NaOH, resin, NH4Cl, 
and wax in the manufacturing of biocomposites from agro-residues in fiberboards 
and particleboards, are illustrated in Table 7.4 and are taken from previous studies 
(Thannimalay et al., 2013; Franklin Associates, 2022; Pang et al., 2022). Moreover, 
energy consumption in processes included in the manufacturing of fiberboard and 
particleboard is shown in Tables 7.5 and 7.6, respectively.

The energy consumption is estimated based on the horsepower rating (kW), load 
percentage, operating time (hr), and efficiency of an electric motor of equipment 
for each process. The estimated energy consumption is checked for each process 
reported in some studies (Adapa et al., 2011; Halvarsson et al., 2010; Wang et al., 
2017; Shang et al., 2020; Silva et al., 2020; Pang et al., 2022). The total energy of 
313.8 kWh and 277 kWh are consumed in fiberboard and particleboard manufac-
turing processes, respectively. The emission factors from electricity consumption 
are taken as 0.81 tons CO2/MWh (Menghani and Sharma, 2022). Accordingly, total 
GHG emissions due to materials and energy consumption for the manufacturing of 
fiberboard results in 145.6 kg CO2eq. and 254.2 kg CO2eq. emission, respectively. 
On the other hand, total GHG emissions due to the energy consumption of particle-
board manufacturing are 224.4 kg CO2eq. emission. It can be observed that the net 
GHG emissions in the production of particleboard are lesser than those of fiberboard 
due to less energy consumption in the manufacturing process. Energy consumption 

TABLE 7.4   
Emission Factors of Materials Used in the Manufacturing of Rice Straw 
Biocomposite Fiberboard and Particleboard

Material
Emission Factor
(kg CO2eq./kg) Reference

NaOH 0.6330 Thannimalay et al. (2013)

Methylene diphenyl diisocyanate resin 2.1310 Franklin Associates (2022)

Wax 0.6360 Pang et al. (2022)

Water 0.0012 Pang et al. (2022)
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has significant variability with respect to different machines, equipment, techniques, 
materials, and processes used in manufacturing. Also, the manufacturing of fiber-
boards requires more energy than that of particleboards due to the additional process 
of separation of fibers involved.

7.4 � LIFE-CYCLE ASSESSMENT OF BIOCOMPOSITES 
FROM AGRO-RESIDUES

Life-cycle assessment (LCA) is defined as the compilation and evaluation of inputs, 
outputs, energy consumption, and potential environmental impacts of a product 
throughout its life cycle (ISO, 14040, 2006). Ead et al. (2021) summarized the LCA 
steps and their relevance for green composites. LCA is a useful measure for strategic 
planning, product improvement strategies, and marketing green products. Moreover, 
LCA also helps analyze each process involved in production to further strategies 

TABLE 7.6   
Energy Consumption in Processes during the Manufacturing of Particleboard 
from One Ton of Agro-Residues

Manufacturing Process Electricity Consumption (kWh) References
Size reduction: chopping, hammer 
milling, dedusting, and soaking in 
water

  21.84 Wang et al. (2017) and 
Shang et al. (2020)

Oven drying   24.05 Shang et al. (2020)

Resin and wax spraying and hot pressing 195.31 Shang et al. (2020) and 
Pang et al. (2022)

Cooling, conditioning, sanding, and 
machining

  35.80 Shang et al. (2020) and 
Silva et al. (2020)

TABLE 7.5   
Energy Consumption in Processes during the Manufacturing of Fiberboard 
from One Ton of Agro-Residues

Manufacturing Process
Electricity 

Consumption (kWh) References
Size reduction: chopping, hammer milling, 
dedusting, and soaking in water

  21.84 Wang et al. (2017) and Shang 
et al. (2020)

Defibration: refining 185.00 Halvarsson et al. (2010)

Oven drying   24.05 Shang et al. (2020)

Resin and wax spraying and chopping   15.47 Adapa et al. (2011) and Pang 
et al. (2022)

Sheet forming   40.24 Shang et al. (2020) and Silva 
et al. (2020)

Cooling, conditioning, sanding, and 
machining

  27.20 Shang et al. (2020)
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and steps included for reducing GHG emissions. In this study, LCA of biocompos-
ites from agro-residues is performed to compare GHG emissions from open-field 
burning of agro-residues and the production of biocomposites. Furthermore, these 
biocomposites of fiberboards from agro-residues can be used in the construction 
industry for sustainable infrastructure development (Puettmann and Salazar, 2018).

In this study, the estimation of GHG emissions associated with each process of 
production is shown for biocomposite fiberboards and particleboards per one ton of 
agro-residues. The LCA is performed using LCA software with SimaPro 9.0®, and 
for modeling the life-cycle inventory of biocomposites, Ecoinvent® (see Table 7.7), 
and agri footprint databases are used. Moreover, the estimated GHG emission values 
are compared with analytically estimated emission values based on statistics from 
different reports by the Government of India, databases from industrial documents, 
and some research studies. The estimation is limited to the process and material 
included in cradle-to-gate stages. Here, the estimation does not include the environ-
mental impacts of infrastructures for production, maintenance of machinery and 
infrastructure, and human resources.

The LCA software follows unit processes, detailed databases, and supply networks 
for estimations (Puettmann et al., 2013). Materials and processes involved in the pro-
duction of biocomposites are taken considering Indian scenarios. For some materi-
als and processes, that are not available in the inventory database, their respective 
information is added to the system according to recommendations given in relevant 
literature. Furthermore, the assembly of strawboards is analyzed using the ReCiPe 
Midpoint (H) method. The LCA software considered a higher emission factor of 
1.25 kg CO2eq./kWh of medium voltage electricity consumption as compared to the 
emission factor obtained from the literature (Menghani and Sharma, 2022), which 
results in higher GHG emissions due to energy consumption. Moreover, the software 
considers the higher emission factor in resin production as 2.45 kg CO2eq./kg. The 
GHG emissions from materials and processes involved in the production of a fiber-
board from rice straw using the software are presented in Tables 7.7 and 7.8, respec-
tively. The LCA of production of fiberboard from rice straw results in a total of 548.3 
kg CO2eq./ton straw, which is higher than the estimation made based on formulae 
from the literature. The maximum contribution to GHG emissions is obtained due 
to energy consumption (64%) followed by synthetic resins (22.3%) production, as 

TABLE 7.7   
Life-Cycle Inventory of Materials for Fiberboard and  
Particleboard from Rice Straw in SimaPro 9.0® LCA Software

Material Quantity Total (kg CO2eq.)
Rice straw 1000 kg 0

NaOH   50 kg   31.65

Methylene diphenyl diisocyanate resin   50 kg 122.24

Wax (paraffin)   10 kg     7.35

Water 850 kg     1.02
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TABLE 7.8   
Life-Cycle Inventory of Processes Involved in the Manufacturing of 
Fiberboard and Particleboard from Rice Straw in SimaPro 9.0® LCA Software

Process
Value per Functional 

Unit
Total

(kg CO2eq.)
Straw cutting 1     3.46

Raking 1     4.61

Baling 1.43     9.53

Bale loading 5     2.17

Transport, tractor, and trailer 10 km     3.56

Transport, truck 10–20 tons capacity 40 km     9.04

Transport, truck 10–20 tons capacity 15 km     1.96

Transport, truck 10–20 tons capacity 3.0 km     0.47

Electricity, medium voltage capacity (fiberboard) 281 kWh 351.25

Electricity, medium voltage capacity (particleboard) 244.2 kWh 305.25

Electricity,
medium voltage

Methylene diphenyl
diisocyanate resin and NaOH

Baling in processing

Transport, truck 10t–20t
with 50% delivery frequency

Paraffin
Raking in processing

Transprt, tractor and trailer
in agricultural processing

Extra straw cutting
Agricultural machinery
Bale loading in processing

Transport, truck 10t–20t with
100% delivery frequency Diesel

Tractor in agricultural processing

Diesel from crude oil

Water for industry

Transport, truck 10t–20t with
80% delivery frequency
Rice straw

67.1%23.4%

FIGURE 7.4  Greenhouse gas (GHG) emissions in the production of fiberboard from paddy 
(rice) straw using life-cycle assessment.

depicted in Figure 7.4. On the other hand, 502.3 kg CO2eq./ton straw is emitted in the 
production of particleboard from rice straw, which consists of 55.7% contribution by 
energy consumption. Hence, there is a scope for improvement in reducing emissions 
from energy consumption and synthetic resin production.
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7.5 � BIOCOMPOSITE FROM AGRO-RESIDUES FOR 
SUSTAINABLE INFRASTRUCTURE DEVELOPMENT

Material properties and strength of biocomposites derived from agro-residues are 
determining parameters to assess the feasibility of their use for sustainable infra-
structure. In this study, the materials are selected based on the availability of their 
properties in the literature (Halvarsson et al., 2010; Li et al., 2010). Moreover, the 
requirement of minimum strength of the biocomposites fiberboard and particleboard 
from rice straw in the construction industry is checked with provisions of Indian 
standards (IS 12406, 2003; IS 3087, 2005). Furthermore, material properties and 
GHG emissions of the fiberboard and particleboard are compared with available 
wooden boards to evaluate their applicability for infrastructure.

It is observed from Table 7.9 that fiberboard and particleboard from rice straw 
considered in this study show comparable mechanical properties with industrial bio-
composite boards and wooden boards available in markets. Furthermore, the GHG 
emissions of various biocomposite boards are compared, as illustrated in Figure 7.5. 
Also, it is noted that fiberboard has higher strength and stiffness as compared to par-
ticleboards due to the higher length of the fiber and better bond with resin. Both fiber-
board and particleboard fulfill the minimum limits of Grade I and Grade II physical 
and mechanical properties as specified in Indian standards (IS 12406, 2003; IS 3087, 
2005), respectively. It is observed from Table 7.9 and Figure 7.5 that biocomposite 
boards from agro-residues have comparable properties with industrial biocomposites 
and wooden boards and have the least GHG emissions. Therefore, agro-residue-based 
biocomposites can be used as an alternative to conventional boards for sustainable 
infrastructure. These biocomposites also provide good thermal and sound insulation 
to structures. Therefore, such biocomposites are used in walls, flooring, roofing, and 
formwork. Furthermore, biocomposites are a good choice for lightweight structures 
and, especially structures in earthquake-prone areas, to reduce inertia forces.

The major contents of agro-residues (natural straw) are cellulose, hemicellulose, 
lignin, and silica. The removal of hemicellulose, lignin, and silica is necessary to 

FIGURE 7.5  Greenhouse gas (GHG) emissions comparison of rice strawboards with indus-
trial strawboards, wooden boards, and open field burning of straw.
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TABLE 7.9   
Comparison of Physical and Mechanical Properties of Rice Straw Boards, Industrial Strawboards, and Wooden Boards

Source Product Type
Density  
(kg/m3)

Modulus of 
Rupture (MPa)

Modulus of 
Elasticity (MPa)

Water 
Absorption (%) Reference

Indian standard 
requirement

Fiberboard 600–900 28 2,500 30/45 IS 12406 (2003)

Particleboard 500–900 15/11 2,500/2,000 20/80 IS 3087 (2005)

Industrial bioboards Agribio panel   733 17.82 1,508 43 Jain (2021)

Rice straw particleboard   790 17.10 2,846 - Wanhua Ecoboard Co. Ltd (2017)

Rice straw fiberboard   720 31 3,103 - CalPlant (2021)

Industrial wooden 
board

Wooden particleboard   680 14 2,400 28 ASIS (2023)

Wooden fiberboard   730 29 2,600 23 ASIS (2023)

Binder-less board Rice straw binder-less board   800   6 1,500 60 Kurokochi and Sato (2020)

Bioboards in the 
present study

Rice straw fiberboard 1,060 45 3,000 20–35 Halvarsson et al. (2010)

Rice straw particleboard   700 13 2,000 40 Li et al. (2010)
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improve the bond between fiber and resin in the composite. Therefore, the cleaning 
and processing of extracted agro-residues is the most important measure for biocom-
posites. Moreover, some of the major challenges with biocomposites are hydrophilic 
properties (which result in moisture absorption and, subsequently, swelling and 
reduction in strength) and vulnerability to termite attack and fire. Therefore, several 
studies have been conducted to reduce water absorption, prevent termite attacks, and 
improve the fire resistivity of biocomposites so that they can be used in sustainable 
infrastructure development. Moreover, the improvement of the mechanical proper-
ties, structural performance, and durability of biocomposites from agro-residues 
have scope for future research.

The use of biocomposites from agro-residues for sustainable infrastructure devel-
opment has the potential to improve environmental conditions, curtail air pollution 
problems, and reduce associated human health problems. Also, it contributes to the 
creation of new employment opportunities in rural areas, sustainable infrastructure 
development, and economic enhancement of a country as well. Moreover, the produc-
tion of biocomposites as an alternative to stubble burning is a contributory step towards 
achieving a net zero carbon emissions target for India, as well as other countries.

7.6  CONCLUSIONS

In the present study, the environmental impact of the production of biocomposites 
from agro-residues as an alternative to stubble burning is presented in terms of GHG 
emissions. The GHG emissions in the burning of agro-residues and production of 
biocomposites using analytical formulations and LCA are estimated and compared. 
Based on the findings of this study, the following conclusions are drawn:

1.	 The stubble burning in Punjab and Haryana results in GHG emissions of 
1,577 kg CO2eq./ton of agro-residues burned. In total, more than 20.3 million 
tons of CO2eq. and 2.3 million tons CO2eq. GHG emissions were obtained 
in 2020 due to stubble burning in Punjab and Haryana, respectively.

2.	 The production of biocomposite fiberboard and particleboard from agro-
residues, which includes processes of collection, transportation, manu-
facturing, and energy consumption, results in GHG emissions of 437.4 
kg CO2eq./ton of agro-residues and 407.6 kg CO2eq./ton of agro-residues, 
respectively.

3.	 The LCA of fiberboard and particleboard from agro-residues shows GHG 
emissions of 548.3 kg CO2eq./ton of agro-residues and 502.3 kg CO2eq./ton 
of agro-residues in cradle-to-gate processes, respectively.

4.	 The prime contributory factors of GHG emissions are the energy consump-
tion of equipment involved and synthetic materials for treatment and bind-
ing used in the production of biocomposites.

5.	 The alternative solution of producing biocomposites from agro-residues to 
stubble burning reduces GHG emissions by 60–70% and helps in the miti-
gation of climate change. Moreover, these biocomposites show mechani-
cal properties comparable to industrial biocomposites, which shows their 
potential for sustainable infrastructure development.



154� Civil Engineering Innovations for Sustainable Communities

7.7  ACKNOWLEDGMENTS

Financial support received from the United States–India Educational Foundation 
(USIEF) under the ‘Fulbright-Kalam Climate Fellowship for Academic and 
Professional Excellence’ to Vasant Matsagar for a project titled, ‘Abatement of 
Greenhouse Gas Emissions from Stubble Burning by Adapting to New Agriculture 
Waste Management in Gainfully Making Green Industrial Products’ is gratefully 
acknowledged. Sagnik Dey acknowledges support from IIT Delhi for the Institute 
Chair Fellowship. Also, the authors gratefully acknowledge the financial support 
provided under the Science and Engineering Research Board (SERB), Department 
of Science and Technology (DST), Government of India, under the VAJRA (Visiting 
Advanced Joint Research) Faculty Scheme. The opinions expressed herein are those 
of the authors and not necessarily of the funding agencies.

REFERENCES

Adapa, P., Tabil, L., and Schoenau, G. (2011). Grinding performance and physical properties 
of non-treated and steam exploded barley, canola, oat and wheat straw. Biomass and 
Bioenergy, 35(1), 549–561.

Alengebawy, A., Mohamed, B. A., Ran, Y., Yang, Y., Pezzuolo, A., Samer, M., and Ai, P. 
(2022). A comparative environmental life-cycle assessment (LCA) of rice straw-based 
bioenergy projects in China. Environmental Research, 212, 113404.

Andreae, M. O. (2019). Emissions of trace gases and aerosols from biomass burning-an 
updated assessment. Atmospheric Chemistry and Physics, 19(13), 8523–8546.

Andreae, M. O., and Merlet, P. (2001). Emission of trace gases and aerosols from biomass 
burning. Global Biogeochemical Cycles, 15(4), 955–966.

ASIS. (2023). Physical and mechanical properties of medium density fibreboard and particleboard. 
ASIS International. https://asisindia.com/wp-content/uploads/2023/04/MDF_tech_
specs.pdf; https://asisindia.com/wp-content/uploads/2023/04/Particle_board_tech_ 
specs.pdf (accessed on September 8, 2023).

Balakrishnan, K., Dey, S., Gupta, T., Dhaliwal, R. S., Brauer, M., Cohen, A. J., Stanaway, 
J. D., Beig, G., Joshi, T. K., Aggarwal, A. N., and Sabde, Y. (2019). The impact of air 
pollution on deaths, disease burden, and life expectancy across the states of India: The 
global burden of disease study 2017. The Lancet Planetary Health, 3(1), e26–e39.

Basta, A. H., El-Saied, H., and Lofty, V. F. (2014). Performance assessment of deashed and 
dewaxed rice straw on improving the quality of RS-based composites. RSC Advances, 
4(42), 21794–21801.

BEE. (2020). The gazette of India: Extraordinary. Bureau of Energy Efficiency, Ministry of 
Power, Government of India, New Delhi. Registration No. D. L.-33004/99. https://bee-
india.gov.in/sites/default/files/SO_3215(E).pdf (accessed on September 8, 2023).

Bhattacharyya, P., Bisen, J., Bhaduri, D., Priyadarsini, S., Munda, S., Chakraborti, M., 
Adak, T., Panneerselvam, P., Mukherjee, A., Swain, S., Dash, P., Padhy, S., Nayak, 
A., Pathak, H., Kumar, S., and Nimbrayan, P. (2021). Turn the wheel from waste 
to wealth: Economic and environmental gain of sustainable rice straw management 
practices over field burning in reference to India. Science of the Total Environment, 
775, 145896.

Bikkina, S., Andersson, A., Kirillova, E. N., Holmstrand, H., Tiwari, S., Srivastava, A. K., 
Bisht, D. S., and Gustafsson, O. (2019). Air quality in megacity Delhi affected by coun-
tryside biomass burning. Nature Sustainability, 2(3), 200–205.

https://beeindia.gov.in/sites/default/files/SO_3215(E).pdf
https://asisindia.com/wp-content/uploads/2023/04/Particle_board_tech_specs.pdf
https://asisindia.com/wp-content/uploads/2023/04/MDF_tech_specs.pdf
https://beeindia.gov.in/sites/default/files/SO_3215(E).pdf
https://asisindia.com/wp-content/uploads/2023/04/Particle_board_tech_specs.pdf
https://asisindia.com/wp-content/uploads/2023/04/MDF_tech_specs.pdf


Greenhouse Gas Emissions and Life-Cycle Assessment of Biocomposites� 155

Bressan, M., Campagnoli, E., Ferro, C. G., and Giaretto, V. (2022). Rice straw: A waste with 
a remarkable green energy potential. Energies, 15(4), 1355.

CalPlant. (2021). Rice straw-based medium density fiberboard. Northern California. 
https://arpa-e.energy.gov/sites/default/files/8%20-%20Uhland%20-%20DOE%20
CalPlant%20presentation%2018%20March%202021.pdf (accessed on September 8, 
2023).

CREAMS. (2020). Monitoring paddy residue burning in north India using satellite remote sens-
ing during 2020. Consortium for Research on Agroecosystem Monitoring and Modelling 
from Space Laboratory, Division of Agricultural Physics, ICAR, New Delhi, India. 
http://creams.iari.res.in/pdf/bulletin_sp_20/05_RiceResidue_BurnStatistics_2020.pdf 
(accessed on September 8, 2023).

Daba, E. T., Zelleke, D. H., Matsagar, V. A., and Kodur, V. (2023). Characterization of 
natural fiber ropes for potential applications as reinforcement in concrete. The 6th 
International Conference on Natural Fibers (ICNF) 2023, Funchal, Madeira, Portugal, 
June 19–21.

Deng, N., Wang, J., Li, J., and Sun, J. (2023). Straw density board vs. conventional density 
board: Is straw density board more sustainable? Science of The Total Environment, 
888, 164020.

Dong, S., Yuan, F., Yang, L., Chi, S., Zhong, J., Lei, J., Bao, L., and Wang, J. (2019). Clean 
and sustainable biocomposites based on supramolecular interactions induced thermo-
plasticization of wheat straw powders. Journal of Cleaner Production, 233, 590–600.

Ead, A. S., Appel, R., Alex, N., Ayranci, C., and Carey, J. P. (2021). Life-cycle analysis 
for green composites: A review of literature including considerations for local and 
global agricultural use. Journal of Engineered Fibers and Fabrics, 16. https://doi.
org/10.1177/15589250211026940

Ebrayi, K. N., Pathak, H., Kalra, N., Bhatia, A., and Jain N. (2007). Simulation of nitrogen 
dynamics in soil using infocrop model. Environmental Monitoring and Assessment, 
131, 451–465.

Eggleston, H. S., Buendia, L., Miwa, K., Ngara, T., and Tanabe, K. (2006). 2006 IPCC guide-
lines for national greenhouse gas inventories. The Intergovernmental Panel on Climate 
Change (IPCC), National Greenhouse Gas Inventories Programme, Institute for Global 
Environmental Strategies IGES, Japan.

ESO. (2021). Statistical abstract of Punjab. Economic and Statistical Organisation, 
Department of Planning, Government of Punjab, India. https://esopb.gov.in/Static/PDF/
Abstract2021.pdf (accessed on September 8, 2023).

Franklin Associates. (2022). Cradle-to-gate life-cycle analysis of methylene diphenyl diiso-
cyanate (MDI). Final Report, Franklin Associates, A Division of Eastern Research  
Group, Inc. www.americanchemistry.com/content/download/11831/file/Cradle-to-Gate- 
Life-Cycle-Analysis-of-Methylene-Diphenyl-Diisocyanate-Resin-Precursor.pdf 
(accessed on September 8, 2023).

Halvarsson, S., Edlund, H., and Norgren, M. (2010). Manufacture of high-performance rice-
straw fiberboards. Industrial and Engineering Chemistry Research, 49(3), 1428–1435.

IS 3087. (2005). Particle boards of wood and other lignocellulosic materials (medium den-
sity) for general purposes—specification. Bureau of Indian Standards, New Delhi, 
India. https://standardsbis.bsbedge.com/ (accessed on September 8, 2023).

IS 12406. (2003). Medium density fibre boards for general purpose—specification. Bureau 
of Indian Standards, New Delhi, India. https://standardsbis.bsbedge.com/ (accessed on 
September 8, 2023).

ISO 14040. (2006). Environmental management—life-cycle assessment—principles and 
framework. International Organization for Standardization, 2.

http://www.americanchemistry.com/content/download/11831/file/Cradle-to-Gate-Life-Cycle-Analysis-of-Methylene-Diphenyl-Diisocyanate-Resin-Precursor.pdf
https://esopb.gov.in
https://doi.org/10.1177/15589250211026940
https://arpa-e.energy.gov/sites/default/files/8%20-%20Uhland%20-%20DOE%20CalPlant%20presentation%2018%20March%202021.pdf
https://standardsbis.bsbedge.com/
https://standardsbis.bsbedge.com/
http://www.americanchemistry.com/content/download/11831/file/Cradle-to-Gate-Life-Cycle-Analysis-of-Methylene-Diphenyl-Diisocyanate-Resin-Precursor.pdf
https://esopb.gov.in
https://doi.org/10.1177/15589250211026940
http://creams.iari.res.in
https://arpa-e.energy.gov/sites/default/files/8%20-%20Uhland%20-%20DOE%20CalPlant%20presentation%2018%20March%202021.pdf


156� Civil Engineering Innovations for Sustainable Communities

Jain, M. (2021). AgribioPanelsTM EPD. Strawcture Eco Pvt. Ltd. https://strawcture.com/wp-
content/uploads/2022/08/LCA_Strawcture.pdf (accessed on September 8, 2023).

Jiang, Z., Dai, Y., and Du, T. (2020). Comparison of the energetic, environmental, and eco-
nomic performances of three household-based modern bioenergy utilization systems in 
China. Journal of Environmental Management, 264, 110481.

Kanabkaew, T., and Oanh, N. T. K. (2011). Development of spatial and temporal emission 
inventory for crop-residue field burning. Environmental Modeling and Assessment, 16, 
453–464.

Korontzi, S., McCarty, J., Loboda, T., Kumar, S., and Justice, C. (2006). Global distribution 
of agricultural fires in croplands from 3 years of moderate resolution imaging spectro-
radiometer (MODIS) data. Global Biogeochemical Cycles, 20(2).

Krasny, E., Klarić, S., and Korjenić, A. (2017). Analysis and comparison of environmen-
tal impacts and cost of bio-based house versus concrete house. Journal of Cleaner 
Production, 161, 968–976.

Kumar, P., Kumar, S., and Joshi, L. (2015). Socioeconomic and environmental implications 
of agricultural residue burning: A case study of Punjab, India. Springer Nature, 144.

Kurinji, L. S., and Kumar, S. (2021). Is ex-situ crop-residue management a scalable solution 
to stubble burning? A Punjab case study. Council on Energy, Environment and Water, 
New Delhi, India.

Kurokochi, Y., and Sato, M. (2020). Steam treatment to enhance rice straw binder-less 
board focusing hemicellulose and cellulose decomposition products. Journal of Wood 
Science, 66, 7.

Lan, R., Eastham, S. D., Liu, T., Norford, L. K., and Barrett, S. R. (2022). Air quality impacts 
of crop-residue burning in India and mitigation alternatives. Nature Communications, 
13(1), 6537.

Li, X., Cai, Z., Winandy, J. E., and Basta, A. H. (2010). Selected properties of particleboard 
panels manufactured from rice straws of different geometries. Bioresource Technology, 
101(12), 4662–4666.

Lohan, S. K., Jat, H. S., Yadav, A. K., Sidhu, H. S., Jat, M. L., Choudhary, M., Peter, J. K., 
and Sharma, P. C. (2018). Burning issues of paddy residue management in North-West 
states of India. Renewable and Sustainable Energy Reviews, 81, 693–706.

Maraseni, T. N., and Qu, J. (2016). An international comparison of agricultural nitrous oxide 
emissions. Journal of Cleaner Production, 135, 1256–1266.

Menghani, V., and Sharma, K. K. (2022). CO2 baseline database for the Indian power sec-
tor. User Guide, 18, Central Electricity Authority, New Delhi, Ministry of Power, 
Government of India.

MoEFCC. (2021). Third biennial update report to the united nations framework convention on cli-
mate change. Ministry of Environment, Forest and Climate Change, Government of India.

Nguyen, H. V., Nguyen, C. D., Van Tran, T. V., Hau, H. D., Nguyen, N. T., and Gummert, M. 
(2016). Energy efficiency, greenhouse gas emissions, and cost of rice straw collection in 
the Mekong River Delta of Vietnam. Field Crops Research, 198, 16–22.

Pang, B., Zhou, T., Cao, X. F., Zhao, B. C., Sun, Z., Liu, X., Chen, Y. Y., and Yuan, T. Q. (2022). 
Performance and environmental implication assessments of green bio-composite from 
rice straw and bamboo. Journal of Cleaner Production, 375, 134037.

Puettmann, M., Oneil, E., and Wilson, J. (2013). Cradle-to-gate life-cycle assessment of US 
medium density fiberboard production. University of Washington. https://corrim.org/
wp-content/uploads/2018/06/MDF-LCA-final-Sept-2013.pdf

Puettmann, M., and Salazar, J. (2018). Cradle-to-gate life-cycle assessment of North 
American particleboard production. University of Washington, Seattle, WA. https://
corrim.org/wp-content/uploads/2019/03/LCA-Particleboard.pdf

https://corrim.org/wp-content/uploads/2019/03/LCA-Particleboard.pdf
https://corrim.org/wp-content/uploads/2018/06/MDF-LCA-final-Sept-2013.pdf
https://strawcture.com/wp-content/uploads/2022/08/LCA_Strawcture.pdf
https://corrim.org/wp-content/uploads/2019/03/LCA-Particleboard.pdf
https://corrim.org/wp-content/uploads/2018/06/MDF-LCA-final-Sept-2013.pdf
https://strawcture.com/wp-content/uploads/2022/08/LCA_Strawcture.pdf


Greenhouse Gas Emissions and Life-Cycle Assessment of Biocomposites� 157

Ralph, J., Lundquist, K., Brunow, G., Lu, F., Kim, H., Schatz, P. F., Marita, J. M., Hatfield, R. 
D., Ralph, S. A., Christensen, J. H., and Boerjan, W. (2004). Lignins: Natural polymers 
from oxidative coupling of 4-hydroxyphenyl-propanoids. Phytochemistry Reviews, 3, 
29–60.

Ravindra, K., Singh, T., and Mor, S. (2019). Emissions of air pollutants from primary crop-
residue burning in India and their mitigation strategies for cleaner emissions. Journal 
of Cleaner Production, 208, 261–273.

Raza, M. H., Abid, M., Yan, T., Naqvi, S. A. A., Akhtar, S., and Faisal, M. (2019). 
Understanding farmers’ intentions to adopt sustainable crop residue management prac-
tices: A structural equation modeling approach. Journal of Cleaner Production, 227, 
613–623.

Saini, K., and Matsagar, V. (2023). Natural fiber-reinforced foamed concrete panels strength-
ened with bio-composites for sustainable infrastructures: Restoring traditional Indian 
construction practices. Global Indian Young Scientists Research and Innovation 
Conference, New Delhi, India, May 31 to June 2.

Shang, X., Song, S., and Yang, J. (2020). Comparative environmental evaluation of straw 
resources by LCA in China. Advances in Materials Science and Engineering, 2020, 
1–16.

Sharma, M., Sahajpal, I., Bhuyan, A., and Chauhan, A. (2019). Impact assessment report 
for crop-residue management project. Confederation of Indian Industry (CII), New 
Delhi.

Silva, D. A. L., Firmino, A. S., Ferro, F. S., Christoforo, A. L., Leite, F. R., Lahr, F. A. R., and 
Kellens, K. (2020). Life-cycle assessment of a hot-pressing machine to manufacture 
particleboards: Hotspots, environmental indicators, and solutions. The International 
Journal of Life-cycle Assessment, 25, 1059–1077.

Singh, A., and Basak, P. (2019). Economic and environmental evaluation of rice straw pro-
cessing technologies for energy generation: A case study of Punjab, India. Journal of 
Cleaner Production, 212, 343–352.

Singh, G., and Arya, S. K. (2021). A review on management of rice straw by use of cleaner 
technologies: Abundant opportunities and expectations for Indian farming. Journal of 
Cleaner Production, 291, 125278.

Soam, S., Borjesson, P., Sharma, P. K., Gupta, R. P., Tuli, D. K., and Kumar, R. (2017). Life-
cycle assessment of rice straw utilization practices in India. Bioresource Technology, 
228, 89–98.

Soam, S., Kapoor, M., Kumar, R., Borjesson, P., Gupta, R. P., and Tuli, D. K. (2016). Global 
warming potential and energy analysis of second generation ethanol production from 
rice straw in India. Applied Energy, 184, 353–364.

Thannimalay, L., Yusoff, S., and Zawawi, N. Z. (2013). Life cycle assessment of sodium 
hydroxide. Australian Journal of Basic and Applied Sciences, 7(2), 421–431.

Theng, D., Arbat, G., Delgado-Aguilar, M., Ngo, B., Labonne, L., Evon, P., and Mutjé,  
P. (2017). Comparison between two different pretreatment technologies of rice straw 
fibers prior to fiberboard manufacturing: Twin-screw extrusion and digestion plus defi-
bration. Industrial Crops and Products, 107, 184–197.

Theng, D., Arbat, G., Delgado-Aguilar, M., Ngo, B., Labonne, L., Mutjé, P., and Evon,  
P. (2019). Production of fiberboard from rice straw thermomechanical extrudates by 
thermopressing: Influence of fiber morphology, water and lignin content. European 
Journal of Wood and Wood Products, 77, 15–32.

Wang, Z., Lei, T., Yang, M., Li, Z., Qi, T., Xin, X., He, X., Ajayebi, A., and Yan, X. (2017). 
Life-cycle environmental impacts of cornstalk briquette fuel in China. Applied Energy, 
192, 83–94.



158� Civil Engineering Innovations for Sustainable Communities

Wanhua Ecoboard Co. Ltd. (2017). Wheat/rice straw particleboard sample testing report. Wood 
Products Quality Test and Inspection of State Forestry Administration (Nanjing). www.
wanhuaboard.com/Home/Index/brand_certification.html (accessed on September 8,  
2023).

Zhang, L., and Hu, Y. (2014). Novel lignocellulosic hybrid particleboard composites made 
from rice straws and coir fibers. Materials and Design, 55, 19–26.

http://www.wanhuaboard.com/Home/Index/brand_certification.html
http://www.wanhuaboard.com/Home/Index/brand_certification.html


Section 3

Critical Infrastructure
 



http://tyalorandfrancis.com


161

8 Assessment of 
Renewable Energy 
Strategies to Achieve 
Net-Zero Energy
A Potential Drive Towards 
Sustainability in Buildings

J S Sudarsan and Deepak M D

8.1  INTRODUCTION

Energy-efficient buildings have always been a milestone for India to achieve its 
goal of a green world (Tiwari, 2023). In today’s world, development for any country 
includes active participation towards saving natural resources and using sustainable 
ways to produce their energy. Energy has always been a point of attraction for devel-
oping countries like India for which the government aims to find different ways to 
produce, save, and utilize energy effectively. Along these lines, energy saving has 
now become the utmost priority for the construction, real estate, infrastructure, and 
project (CRIP) market to set a benchmark for the development of any nation (Vecchi 
et al., 2013). In this regard, identifying proven tried-and-true technologies that com-
bine with each other to support having a green building being an achievable target 
is essential. Sustainability, in general, means providing needs to the present without 
compromising the needs of the future generation. In the present world, around 788 
crore (tens of millions) people are living on this planet, and still growing, so there 
will always be a demand for resources (Kumar and Saikia, 2020). The major con-
tributions that drive resource consumption are energy fuels like oil, coal, mineral 
resources, etc., which are required to make the majority of the products. The major 
demand and shift are needed to utilize solar panels as a means to provide electricity 
to buildings, which can contribute to saving energy in large amounts (Mekhilef et al., 
2011). All over the globe, solar energy is considered to be one of the main aspects of 
construction work, whether it is a home, school, office, hospital, skyscraper, or any 
other kind of building infrastructure. Due to the increase in pollution, global warm-
ing is increasing day by day, so to control the environmental aspects, the construc-
tion industry can contribute to the environment through wastewater management and 
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solar energy, which additionally helps in saving our mother earth (Omer, 2008). With 
the adverse aim to change the trend in urban planning, the green building revolution 
will result in a better eco-neighborhood model that will change living habits and 
make them more responsible towards their environment.

India is a country that is endowed with vast solar energy potential and is rap-
idly developing. Nearly 5000 trillion kWh per year of energy is incident over the 
land area of India, with most parts receiving 4–7 kWh [per sq. meter] per day 
(Ummadisingu and Soni, 2011). The industry greatly benefits from this type of 
renewable source of energy. In this regard, the conversion of solar energy into elec-
tricity is carried out from the light and heat of the sun that is captured. Solar energy 
can be utilized in different ways, and hence this energy from the sun is referred to 
as solar energy. This technology involves the collection of photovoltaic cells, and 
through the photovoltaic effect electricity is generated, which can then be used 
for various purposes like home industry and commercial purposes. Solar power 
systems are used to generate electricity as there is no emission of hazardous green-
house gases in the atmosphere. Some benefits of solar energy are regarding the 
maintenance and energy production of solar energy is actually zero because there 
is no need for any outside supply of power to work. There is only the initial cost 
during the manufacturing process and installation of components. Even if there is 
insufficient space, solar systems can be installed with ease and simplicity. Due to 
its flexibility and modularity, the solar system can be expanded depending on the 
needs. In the major places amongst the Indian geographical context, the period of 
the day between 11.00 am to 4.00 pm is where the energy demand is higher. With 
the increasing demand in energy, production also reaches its maximum during this 
period. There is no generation of noise pollution and waste as there is no mainte-
nance, and its lifespan is longer compared to other energy products. In this line, the 
objectives of the present work are to:

1.	 Determine the necessity of solar energy as an energy-efficient energy 
source in buildings.

2.	 Estimate the cost-benefit analysis of solar panels by taking real-life build-
ings into consideration and determining the energy consumption among 
solar energy panels in a residential building.

8.2  LITERATURE REVIEW

8.2.1  Importance of Solar Energy

The importance of solar energy in the commercial sector aims at investigating the 
solar mission through which the application of utilizing solar energy to free 20 giga-
watts of utility-scale grid-linked capability in the Indian growing economy (Millison 
et al., 2022). This helps in creating an indigenous concentration of solar-strength 
enterprises and delivery chain systems. Based on this preliminary success, the latest 
World Bank document argues that India is nicely poised to be the worldwide leader 
in solar power (Foster and Rana, 2019). The National Solar Mission (NSM) serves 
as an essential instance of large-scale business renewable power improvement, 
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helping a broader purpose of inclusive financial improvement (Millison et al., 2014). 
Moreover, Sass et al. (2012) showed that the growing price of fossil fuels, incentives 
towards government bodies, and the development of public consciousness for the 
desire to enforce sustainable electricity elements have resulted in a massive growth 
in solar panel installations throughout the country. Additionally, Ahmad et al. (2018) 
argued that adding solar panels to a present roof considering the general way ele-
vated masses ought to be borne with the aid of using the construction’s structural ele-
ments. Based on these implications, the cost-benefit analysis is undertaken to know 
about the effective use of solar energy. In line with this, Ge et al. (2022) focus on the 
externalities of funding choices with reference to residential photovoltaic structures 
that have been converting unexpectedly in recent years. Five case researches have 
been analyzed to populate the generalized observations of numerous photovoltaic 
funding conditions. For the ones taking part in both low-energy charges and peak 
solar hours, the effects of this evaluation no longer aid the setup of a photovoltaic 
system. Furthermore, Wang and Oliveira (2006) studied solar-powered adsorption 
air-conditioning systems modified into design aspects of the buildings. The opera-
tional average overall performance underneath an ordinary strolling mode in the 
summer season includes temperature variations of solar collector arrays, warmth 
storage tanks, and adsorption chillers similar to refrigerating output variations of the 
system. The solar fraction in the summer season is considered to be 71.73% (Zhai 
et al., 2006). In addition, the variations of solar-powered air-conditioning systems 
significantly affect the average overall performance with ambient parameters and 
strolling parameters.

8.2.2  Integrated Design of Energy-Efficient Buildings

The next step is to understand the dynamics of energy efficiency in buildings with 
the integration of solar energy. One such study indicated that the use of solar water 
heating systems shows a 76% reduction in energy consumption as compared to the 
electric water heater (Abd-ur-Rehman et al., 2018). Moreover, Ufuk Gökçe and Umut 
Gökçe (2014) proposed a model-driven holistic device structure integrating IT struc-
tures at the design, construction, and operation tiers of homes that are offered to 
optimize the construction operations. The primary intention was to create a holistic 
environment for tracking systems and structures to grow the performance of the gen-
eral device improvement method and to make the most of their capacity for discount 
of constructing electricity consumption. In line with this, Wahju and Nur (2023) 
advised to assist and solve issues associated with renewable strength initiatives that 
are concerned with sustainable photovoltaic design.

In the construction sector, Chaudhari et al. (2013) focused on defining the answers 
for the power green futuristic buildings. The implementation of the latest era in pro-
duction will cause higher construction with inexperienced rating systems. Green con-
struction has to considerably store water and power as compared to the standard 
construction process. Some of the green construction process considerations are of 
excessive thermal insulation, rainwater harvesting, terrace gardening, airflow, and 
power green appliances (Suribabu et al., 2022). Strategically putting home windows 
and skylights can reduce the need for electric lights in the course of the day. Lastly, 
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Solmaz et al. (2010) used the approach of synthetic neural networks to estimate the 
hourly solar radiation of six decided provinces in Turkey. One neuron generating 
a corresponding output sign of hourly solar radiation becomes applied inside the 
output layer of the network. The outcomes acquired from each fashion were com-
pared through the usage of distinctive neurons, implying squared error, coefficient of 
determination, and absolute error. In this observation, the prediction of hourly solar 
radiation with distinctive fashions is compared.

In designing the solar panels along with its building orientation, Charalambides 
and Wright (2013) demonstrated that the optimal orientation of a building is sig-
nificantly affected by the proportions, the latitude, and the climate of the particular 
location. In contrast, azimuth angles play a much more important role in warmer 
climates and lower latitudes. Experiments were conducted on rectangular building 
forms with a predetermined range of U values. Similarly, Iodice et al. (2017) followed 
the principal concept of the idea that exploitation of solar strength in solar thermal-
aided strength-technology plant life may be an extra cost and strength-powerful than 
the usage of it in solely solar plant life, particularly in medium-temperature systems. 
For this purpose, the study focuses on biomass-solar mixed configuration with the 
conversion in performance of solar strength that is appraised to evaluate the exploi-
tation of solar strength in plant life characterized through one-of-a-kind plant con-
figurations. When it comes to bioenergy, the average growth rate is greater than 8%, 
and this sector accounts for more than two-thirds of the renewable energy mix and 
13–14% of overall energy consumption (Srinivasan et al., 2023). In this regard, Ilie 
et al. (2017) showed the strength used inside the constructed surroundings represents 
about 40% of the overall strength utilized with the aid of the network, with notably 
better values in rural communities. Out of this, a sizable proportion is used for heat-
ing, cooling, and home warm water manufacturing. In a primary step, renewables—
primarily based in totally domestic hot water (DHW) manufacturing—may be taken 
into consideration due to the fact that it is extraordinarily steady for the duration of 
the year, and solar-thermal structures constitute top applicants due to the fact there 
is already an excessive popularity on the network stage for this sort of system. This 
considers a unique set of techniques for the layout of solar-thermal structures carried 
out in alternatively small communities, in consideration to the real strength intake for 
DHW manufacturing in collective households. Furthermore, Atif and Al-Sulaiman 
(2018) argue about the energy evaluation that turned into the complete incorporated 
gadgets. The evaluation was performed every whole day in order that the garage 
gadget operated for 24 hours without the want for any auxiliary warmness supply 
no matter the internal energy output of the incorporated gadget. It concluded that 
the best and the lowest energy destruction happened inside the significant receiver 
gadget and the thermal garage gadget, respectively.

8.3  RESEARCH METHOD AND DATA COLLECTION

The research method adopted in the study (referring to Figure 8.1) involves data col-
lection through a systematic review of the literature and is followed by collecting rel-
evant research articles in the area of the study. Based on these details, a survey was 
conducted to understand the awareness and mentality of common people about the 
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solar energy aspect in the study area. In order to check the effect of building physics 
as well as the problems encountered during the adoption and feasibility of solar pan-
els, the case study of a building project is considered to validate the study findings.

8.4 R esults and Discussion

For the case study, a building in Nagpur, Maharashtra, India was selected, which has 
three open sides and one adjacent attached to it. The building is facing towards the west 
and has a rectangular open slab. Measurements of buildings were taken by conducting a 
manual survey, and the building plan was prepared using Autodesk Revit Architecture.

8.4.1  Case Study of a Residential Building in Nagpur, Maharashtra

The details of the case study considering the region of Nagpur, Maharashtra, India 
highlighted with respect to its average solar radiation, ambient temperature, daily solar 
radiation, and monthly average irradiation. Nagpur in the central region of India experi-
ences various seasonal temperature fluctuations. The prime time for the solar panels to 
receive appropriate solar radiation is between 11 a.m. to 1 p.m. This region experiences 
maximum irradiation and minimum variation of daily solar radiation that supports solar 
panels to receive sun rays in all months, so it is the selection of the case study.

Based on the information obtained from solar panel manufacturers, installers, 
and solar energy consultants, details were as follows:

One small rectangular panel of size 1m x 2m can produce around 320 to 350 W. 
Hence, around three such panels constitute 1kW of solar power generation. A 1kW 
solar panel costs around Rs. 1,50,000 to Rs. 1,80,000. The cost becomes lesser (i.e., 
increases at a lower ratio) as we go on, increasing the capacity of solar panels. And 
so, 2–2.5kW panels may cost around 2.5 to 3 lakhs rupees. Further, a 5kW panel will 
cost around 3.75–4.25 lakhs rupees.

The total cost of the solar system includes (panel cost + structure cost + cable cost +  
inverter + labor charges + net meter cost + AMC). An inverter is to be installed for 
converting DC into AC, and one inverter may be sufficient for power generation of 
1kW to 5kW. The number of inverters required is equal to the number of meters. 
Suppose the inverter required for a 1kW solar panel costs 80000 to 90000, then an 
inverter for a 4–5kW panel will cost 120,000 to 150,000 at maximum.

Maintenance of the solar system includes periodic checking/inspection of solar 
panels, cables, and structure, periodic cleaning of panels, and checking the condition 

FIGURE 8.1  Research method (authors’ own creation).
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of the inverter, meter, and all electrical connections. Small windows/openings are 
provided in big solar panels to reduce the effect of wind pressure on the panels. Also, 
cleaning of panels is its secondary benefit. A detailed list of different available types 
of solar cells in India is provided in Table 8.1.

One household where the monthly bill for electricity is around Rs. 400 to 
600 would require a 1kW solar panel. Solar panel works on a negative tempera-
ture coefficient, i.e., when the panels are less heated, or cooled, they work more 
efficiently. Hence in summer, though the sunrays/radiations are continuous and 
intense, the heating of these panels reduces their efficiency up to 70%–80%. But 
in monsoon season, though the sun’s rays may not be available for the entire 
day, whenever they are present, the excellent panels have increased efficiency in 
generating power. Hence, the overall efficiency of solar panels, even in monsoon 
season, is 40% to 60%. The warranty for the complete solar system is around 18 to 
20 years, and it increases up to 25 years for solar panels only, whereas the inverter 
has only about 7 years warranty. Based on the system size and approximate roof 
space area, the typical annual output of power is determined. For example, for 
system sizes of 1kW and roof sizes of 8 square meters, the typical annual output 
is 850kWh.

Two different types of solar panels were studied and compared through their 
techno-commercial specifications. The details of these panels and their comparison 
are provided in Table 8.2.

TABLE 8.1 
Different Available Types of Solar Cells in India

Solar Cell Type Efficiency Rate Advantages Disadvantages
Monocrystalline Solar 
Panels (Mono-SI)

20% High-efficiency rate; 
optimized for 
commercial use; high 
lifetime value

Expensive

Polycrystalline Solar 
Panels (p-Si)

15% Lower price Sensitive to high 
temperatures; lower 
lifespan and slightly 
less space efficiency

Thin-Film: Amorphous 
Silicon Solar Panels

(A-SI)

7–10% Relatively low costs; 
easy to produce and 
flexible

Shorter warranties and 
lifespan

    

Concentrated PV Cell 
(CVP)

41% Very high performance 
and efficiency rate

Solar tracker and 
cooling system 
needed (to reach 
high-efficiency rate)
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TABLE 8.2 
Comparison of Two Types of Solar Panels Commonly Adopted in the Indian 
Context

Sr.
No. Technical Details

Waaree 350W
Monocrystalline Solar 

Panel
Canadian CS6X-325P 
325-Watt Solar Panel

  1. Nominal Maximum 
Power (Pm) in Watts

350 325

  2. Open Circuit Voltage 
(Voc) in Volts

46.40 45.5 V

  3. Short Circuit Current 
(Isc) in Amps

9.80 9.34 A

  4. Maximum System 
Voltage in Volts

1000 DC 1000 V

  5. Module Efficiency (%) 18.07 16.16%

  6. Length x Width x 
Thickness (LxWxT) 
mm

1960 x 990 x 40 1954 x 983 x 40

  7. Weight (kg) 22.50 22

  8. Solar Cells per Module 
(Unit)/Arrangement

72/(12*6) 72

  9. Frame Material Anodized Aluminum 
Alloy

Anodized Aluminum 
Alloy

10. Connector (Protection 
degree/Type)

IP67 rated/MC4 
compatible

MC4 or MC4 
Comparable

11. Cable cross-section 4 mm² 4 mm²

12. Pricing Buy 2 for Rs.11,936
each, save 8%

Buy 2 for Rs.10,867
each, save 17.88%

Buy 6 for Rs.11,723 each, 
save 9%

Buy 6 for Rs.10,787 each, 
save 18.12%

Buy 10 for Rs.11,404 
each, save 12%

Buy 10 for Rs.10,739 
each, save 18.85%.

13. Warranty 10 Years Materials and 
Workmanship

25 years linear power 
output

10 Years Materials and 
Workmanship

25 years linear power 
output

8.4.2 D etailed Calculations of Energy Consumption and Its Analysis

The most typical size used for residential installations is 65 inches x 39 inches, while 
the common size for commercial applications is 77 inches x 39 inches. Additionally, 
a cost survey is conducted related to the price of solar panels in Pune, Maharashtra. 
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TABLE 8.3 
Comparison of Two Types of Solar Panels Commonly Adopted in the Indian 
Context

Sr. 
No. Technical Details

Silfab
SIL-370 HC

Panasonic Solar 
Module-4

  1. Manufacturer Silfab Panasonic

  2. Efficiency % 20.2 21.6

  3. Rated Power W 370 400

  4. Power Tolerance 0 to 10 W −0/+10 W

  5. Temperature Coefficient PMax:—0.36
Voc:—0.28

PMax:—0.26
Voc:—0.24

  6. Resiliency Snow
Wind
Hail
Fire

Snow
Wind
Hail
Fire

  7. Output at End of Warranty Term (%) 82.6 92.0

  8. Cell Colours Black Black

  9. Panel Dimensions 1762.0 mm L
1037.0 mm W
35.0 mm D

1821.0 mm L
1016.0 mm W
30.0 mm D

10. Connector Type 1350 mm, ø 5.7 mm, MC4 from Staubli Staubli MC4

11. Manufacturing Location United States South Korea

Different quotations were received and compared with the most suitable market cost 
vendors, and the price comparison is provided in Table 8.3.

From these data, after comparing all the features and technical details, it was decided 
that the use of polycrystalline solar panels is proved to be economical with greater 
technical benefits for residential buildings. After acquiring all these details, it was 
time to design our solar model in AutoCAD Revit Architecture (refer to Figure 8.2a).  
We designed the 3D model taking the exact dimensions of the house into consider-
ation. For that, we took a manual measurement survey to take the dimensions of the 
house (refer to Figure 8.2b).

From Figure 8.2, we can see the 3D model of the residential house we designed 
for the purpose of installing the solar panels. Four panels were taken into consider-
ation to provide electricity to the house considered for the case study. For the com-
parison purpose of whether installing these solar panels is actually economical or 
not, we collected the electricity bill of the house for the year 2022 and approached to 
calculate total energy consumption. The extraction of units used is determined from 
the physical bill from the past 12 months and the amount paid as part of energy con-
sumption. Based on the energy consumption, the average consumption of electricity 
for the period of 2022, the total energy consumption of the building is 2661 units  
(1 unit = 1kWh; Total kW/h = 2661 KW/h). The calculations of the remaining part of 
the analysis are as follows:
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A  Model of the residential house.

B  Placing of solar panels.

FIGURE 8.2  Modelling the building dynamics and placing of the solar panels

The output of the selected solar panel (Silfab SIL-370 HC) is 370 Watts per hour, 
i.e., 1kW/h for one whole panel. Assuming power loss, it is predicted that the actual 
output would be approximately 350 Watts per hour. The sun’s rays are assumed to 
be intense and capable of generating electricity only for a period of 6 hours per day. 
Therefore, the annual output of the above-mentioned solar panel would be = 350 x 6 
x 365 = 7,66,500 watts, i.e., 766.5 kW. Based on this, the required number of solar 
panels for the house would be four as it will produce 766.5kW x 4 = 3066kW. Based 
on this, the area required for the installation of the solar panels would be four panels 
of 1762mm x 1037mm x 35mm = 7.30 sq.m.

As per the details provided in Table 8.3, the cost of the selected solar 
panel (Silfab SIL-370 HC) is Rs.60,000 for a set of one panel. Therefore, the 



170� Civil Engineering Innovations for Sustainable Communities

A  Eco Niwas Tool.

(Source: www.econiwas.com)

FIGURE 8.3  Analysis and modeling using Eco Niwas Tool.

total charges for the installation of four solar panels would be Rs.60000 x 4 =  
Rs. 2,40,000 (this includes the installation charges). Additionally, the govern-
ment also provides a 30% subsidy on the installation of solar panels. Therefore, 
the cost of solar panels would be 2,40,000 x 30% = Rs. 1, 68,000. Now, the total 
amount paid in the year 2022 is Rs. 26,745. Therefore, taking Rs. 26,745 as the 
base amount for every year, 1,68,000/26,745 ~ 6.5 years to make installation of 
solar free (payback period). Overall, the findings of the study indicate that not 
only cost savings are attained, but also the focus towards environmental sustain-
ability is achieved.

Energy conservation has become a vital area to be concentrated with the increas-
ing demand (Ramana et al., 2015). Cutting down the consumption by a certain per-
centage is one such key concept to conserve energy for future demand. The outcome 
of the study was further validated using the Eco Niwas Tool, a platform for clients, 
contractors, and other environmental specialists to undertake a preliminary evalu-
ation of the effect of project design on energy, environment, and monetary aspects. 
The analysis was modeled on the platform and is shown in Figure 8.3. The outcome 
of these figures indicates that the energy savings in the residential building can con-
tribute towards the betterment of society.

Though the cost is found to be huge at present, in the future, the cost of these 
solar panels will be the same as that of ordinary energy consumption of various 
tools and appliances and will eventually be the only resource for an enhanced future. 
The various investment criteria used in the project also indicate that implementing 
energy conservation methods proves to be beneficial in terms of both energy and 
cost-savings.

http://www.econiwas.com
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8.5  CONCLUSIONS AND RECOMMENDATIONS

Energy is considered to be one of the most important elements in the present 
world. With the increase in population, energy demand is also increasing. The 
energy demand can only be satisfied up to a certain limit, and it is difficult to 
fulfill the energy demand beyond the reach, especially when energy production 
is less compared to the demand. Hence there is a necessity to come up with such 
alternative ideas to fulfill the demand and conserve energy at the same time. One 
such idea is discussed in this chapter, and the results of the same in the means of 

B  Comparison of prices between conventional electricity and solar panels.

C  Report card of the residential building.

FIGURE 8.3  (Continued)
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its beneficiaries are also discussed. India has a remarkable scope for solar energy 
in the future because of its geographical location as it has solar radiation all over 
the year.

In this present time of development, the use of energy plays a vital role in all 
industry outlooks, but the generation of energy using natural minerals and oils comes 
with some after-effects. Considering this issue as one of the prime concerns to evalu-
ate, government all over the world is taking the initiative to save our mother earth 
by using ways to generate energy sustainably. Solar energy is one such energy that 
is abundant in nature. Over a billion people lack access to electricity, and climate 
change is serving up droughts, floods, and heatwaves with alarming regularity. Much 
of the disastrous state of the world is due to the solar power revolution sputtering 
out. The revolution that spurred around 2020 has created the demand for solar power, 
which has become the cheapest source of electricity on the planet. From Chile to 
China, solar farms sprouted more than any other kind of power plant. But today at 
the midcentury mark, fossil fuels exert a stranglehold on the global economy. Coal 
and natural gases are burnt to produce the majority of the world’s electricity and run 
its factories. Solar power today is on track to sputter out with urgent investments in 
innovations from governments around the world. Solar power could actually break 
through the ceiling that it is currently headed for and achieve its sky-high potential. 
Every hour, solar beams down more energy than the world uses in an entire year. The 
major setback is the lack of awareness among individuals and the ability to tap into 
energy consumption and reusability from these sources. One of the potential ways 
is considering the application of solar panels that help in taking a significant step 
towards a sustainable future in our homes. This will not only help our environment 
but also will save a lot of cost in the future. Based on the study implications, it is rec-
ommended to adopt this tool (Eco Niwas Tool) to optimize resource utilization and 
energy utilization, which will help in achieving sustainability and net-zero energy in 
the CRIP sector. This initiative must happen at the stage of building approval so that 
effective implementation can be achieved.
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Wind and Wave 
Vulnerability Assessment 
of Monopile-Supported 
Offshore Wind Turbine

Thottathil Sarathkumar, Muhamed Safeer 
Pandikkadavath and K K Akheel

9.1  INTRODUCTION

The increasing demand for clean and renewable energy drives the governments to 
go for offshore wind turbines (OWTs) (Breton and Moe, 2009). The abundance of 
higher wind speed, possibility for greater capacity wind turbines and the availabil-
ity of spacious offshore area further encourages the promoters to invest in OWTs 
(Jonkman et al., 2008). Among many options, shallow water monopile OWTs are 
cost effective in terms of design, manufacturing and installation (Markard and 
Petersen, 2009). Additionally, they are more stable, durable and facilitate lower 
cost for power transmission to land (Breton and Moe, 2009; Akheel et al., 2021; 
Markard and Petersen, 2009). Nevertheless, monopile OWTs are vulnerable to 
extreme wind and wave loads (Jonkman et al., 2009; Wei et al., 2014; Ou et al., 
2017; Costoya et al., 2020). Investigations on a 5-MW National Renewable Energy 
Laboratory (NREL) monopile OWT base model for a given shallow depth showed 
that vulnerability of flexural demands at monopile mud-level line is significantly 
large under combined wind and wave effects (Wei et al., 2014; Arany et al., 2015; 
Pokhrel and Seo, 2019; Zuo et al., 2020). A similar investigation encompassing 
the wind turbine blade tip deflection reported that there is high exceedance prob-
ability (with respect to design limits) of the response under the critical wind speed 
accounted (Hallowell et al., 2018; Li et al., 2018; Pokhrel and Seo, 2019; Liu et al., 
2022). Based on these understandings, many researchers numerically attempted 
to quantify the safe design loads for OWTs (Wang et al., 2023; Dupuis and Anis, 
2013; He and Ye, 2023; Fajuyigbe and Brennan, 2022). Multi-hazard fragility analy-
sis revealed that wind speed is the critical load parameter for tower top deflections, 
whereas the wave height is the relevant parameter to cause major hike in the mud-
line overturning bending moment (OBM) (Hallowell et al., 2018; Li et al., 2018; 
Pokhrel and Seo, 2019; Wilkie and Galasso, 2020; Mardfekri and Gardoni, 2013). 
Additionally, the damage to monopile may lead to increased losses compared to 
the blade failure. Resilience assessment of the OWTs considering the wind and 
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wave effects reaffirmed the above discussed findings, especially the mudline OBM 
effects (Pokhrel and Seo, 2019; Wilkie and Galasso, 2021; Seo et al., 2022).

Most of these investigations are carried out for the standard water depth of 20 m 
(Hallowell et al., 2018; Pokhrel and Seo, 2019; Wilkie and Galasso, 2021; Seo et al.,  
2022), and hence the current study assesses the vulnerability of mudline OBM of 
a standard 5-MW NREL monopile OWT for the same benchmark water depth. 
Initially, standard NREL 5MW monopile reference OWT is selected, and the relevant 
dimensions and properties are described. The wind speed at different heights, the 
associated forces and the resultant OBM due to wind are extracted as per DNV guide-
lines (DNV, 2014). Likewise, to incorporate the wave effect, significant wave height 
conditioned on wind velocity as well as time period is calculated. It is worth noting 
that this parameter depends on the water depth as well. Subsequently, wave particle 
velocity and acceleration over the depth is determined. The resulting wave forces are 
utilized to get the OBM at mudline due to wave effect. The coupled effect is included 
by the algebraic sum of peak OBMs due to wind and wave forces (Pokhrel and Seo, 
2019). Taking bending strength of the adopted OWT at mudline as the damage state 
(DS) threshold, and the OBM due to environmental load as the demand (D), fragil-
ity curves are also generated and explained (Pokhrel and Seo, 2019; Sarathkumar  
et al., 2023).

9.2  REFERENCE NREL 5MW OWT

As mentioned in the previous section, NREL 5MW reference OWT supported on 
monopile is chosen for the demonstration (Jonkman et al., 2008; Hallowell et al., 
2018; Li et al., 2018; Pokhrel and Seo, 2019; Liu et al., 2022). The geometric details 
as well as the material properties of this OWT are readily available, and many 
researchers used the same model for the benchmark investigations (Hallowell et al., 
2018; Li et al., 2018; Pokhrel and Seo, 2019; Liu et al., 2022). The schematic plot of 
monopile OWT with relevant loading and response is presented in Figure 9.1. The 
water depth d is taken as 20 m and the depth of pile below mudline is 25m. In fact, 
the variable d’ is the free board, which varies depends on the wave height. Further 
details are discussed as follows.

There are three blades (each with a length of 63.5 m) at a hub height of 90 m 
for the OWT. Diameters of rotor, hub, monopile, tower top and tower bottom are 
126 m, 3 m, 3.87 m and 6 m, respectively. Tower top, tower bottom and monopile 
thicknesses are 0.019 m, 0.027 m and 0.06 m; cut in, rated and cutout wind speeds 
are 3 m/s, 11.4 m/s and 25 m/s, respectively. The density and modulus of elasticity 
of the OWT material are 8500 kg/m3 and 210 GPa. Table 9.1 gives the summary of 
discussed geometric and material properties of the study structure, and further infor-
mation can be found in literature.

9.3  MUD-LEVEL FLEXURAL DEMAND ESTIMATION

As pointed out earlier, mainly the mud-level flexural demand induced by wave 
and wind effects are described. The moment at critical level under wave (MWa) and 
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FIGURE 9.1  Schematic plot of the study 5MW OWT with wind and wave loading (Wang 
et al., 2019).

TABLE 9.1   
Benchmark 5 MW Monopile OWT Model Details

Parameter Value Parameter Value
Number of blades
Diameter of rotor
Diameter of hub
Height of hub
Tower base diameter
Tower base thickness
Tower top diameter
Tower top thickness

3
126 m
3 m
90 m
6 m

0.027 m
3.87 m
0.019 m

Tower density modulus of elasticity
Cut-in wind speed
Rated wind speed
Cut-out wind speed
Monopile diameter
Monopile thickness

8500 kg/m3
210 GPa

3 m/s
11.4 m/s
25 m/s

6 m
0.06 m

wind (MWi) can be expressed by the following equation (Pokhrel and Seo, 2019; 
Seo et al., 2022):

	 M z dFWa d T . � (9.1)

	 M z dFWi W . � (9.2)

where zd is the variation of water depth, FT is the total wave force per unit length due 
to inertia (FI) and drag (FD), z is the height above mean sea level and FW is the total 
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wind force, respectively. The FT, FD, FI and FW can be obtained by the following 
formulas:

	 F F FT D I  � (9.3)

	 F D C u z t u z tD d d d      1
2 . . . , . , � (9.4)

	 F C A u z tI m d  . . . , 1  � (9.5)

	 F C q A sinaW   . . .2 � (9.6)

where u(zd, t), u z td ,  , Cd, D, ρ, Cm and A1 are the wave particle velocity, wave particle 
acceleration, drag co-efficient, outer diameter of monopile, mass density of the sea 
water, inertia co-efficient and monopile cross-section area, respectively. Likewise, C, 
q, A2 and a are the shake co-efficient for the tower, wind pressure, projected area of 
tower normal to wind and angle between the wind direction and the tower, respec-
tively. Among them q and u(zd, t) can be obtained from the following equation:

	 q Va z 0 5 2.  � (9.7)
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where ρ a, Vz, Hs, Tp, k, ω and t are mass density of air, wind speed at height z (above 
mean sea level), significant wave height, peak period of wave, wave number, wave 
angular frequency and time, respectively. The Vz, Hs and Tp can be deduced using the 
following equations:
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HT s 

p  11.7  
 g 

� (9.11)

where V10, Cf, g and f are wind speed in m/s at 10 m above mean sea level, depth cor-
rection factor as a function of d for wave, acceleration due to gravity and fetch in km, 
respectively. Finally, the coupled moment (MT) due to wind and wave can be found 
algebraically as follows (Pokhrel and Seo, 2019):

	 M M MT Wa Wi  � (9.12)

9.4  FRAGILITY ANALYSIS APPROACH

Initially, the limit state (LS) function needs to be defined. It represents the probabil-
ity of exceedance of the structural capacity upon the action of external loads. Here, 
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structural capacity can be viewed as the damage threshold, which can be scaled 
in terms of bending moment capacity of the section at the critical level. Similarly, 
the bending moment created due to imposed loads can be indicated by engineering 
demand parameter (EDP). With this background, the LS function can be expressed 
by the following equation (Hallowell et al., 2018; Li et al., 2018; Pokhrel and Seo, 
2019; Wilkie and Galasso, 2020; Mardfekri and Gardoni, 2013; Mo et al., 2021):

	 G Z X R Z X Meb eb, ,    � (9.13)

where G(Zeb, X), R(Zeb, X) and M are the LS function, capacity of the section and 
bending moment created at critical section due to loading, respectively. Taking fyb, 
γm0 and Zeb as bending yield strength, partial safety factor and bending section modu-
lus at critical section, R(Zeb, X) can be found by the following equation (Pokhrel and 
Seo, 2019; Seo et al., 2022):

	 R Z X
f

Zeb
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m
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


 0

� (9.14)

Thus, the fragility curve due to the load acting on the structure is generated using 
the probability of exceedance data points by defining the reliability index (β) of the 
structure. The β value can hint about the chances of exceedance of the defined struc-
tural capacity when the structure is subjected to various loading conditions, and it 
can predict structural safety under various loading scenarios (Pokhrel and Seo, 2019; 
Seo et al., 2022):

	  
ln( / )[1+V ] / [1+V ]

ln [(1+V )(1 +V )]

R M M2 R2

M2 R2

 
� (9.15)

where μR, μM, VR and VM are the mean and variation co-efficient of structural capac-
ity and induced bending moment, respectively. Using the data points of reliability 
index and utilizing the standardized normal distribution, the exceedance probability 
of structural capacity under load can be found. This can be expressed by the follow-
ing distribution function, Φ (Pokhrel and Seo, 2019; Seo et al., 2022):

	 PE     � (9.16)

9.5  ANALYSIS RESULTS

As discussed in the previous sections, two different loading schemes are accounted. 
The first one considers the effect due to waves only, whereas the second case takes 
the effects of the combination of wind and wave events. For each loading scheme, 
standard water depth scenarios of 20 m are considered. For the wind load with refer-
ence wind speed (V10) ranging from 1 m/s to 100 m/s, the significant wave height was 
found to vary from 0.24 m to 23.53 m. Corresponding to these load cases, the OBM 
at mud-level and exceedance probability of bending capacity for all the accounted 
cases are presented as follows.
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Figure 9.2 shows the plot of variation of normalized OBM (NOBM) due to wave 
loading alone and combined wind and wave loading cases. It is worth noting that the 
OBM is normalized with the bending moment capacity at mud-level. In the wave 
loading alone case, for a critical wind speed of 50 m/s (Mone et al., 2015), the NOBM 
value is obtained as 0.83, and the same value for the combined wind and wave load 
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FIGURE 9.2  Variation of normalized OBM at mud-level with wind speed for the wave 
alone and combined wind and wave loads.
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FIGURE 9.3  Exceedance probability of bending capacity at mud-level with wind speed for 
wave alone and the combined wind and wave loads.
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action is noted as 0.97. In short, a percentage increase of 17% is observed between 
the former case and the latter case at the critical wind speed 50 m/s.

Figure 9.3 shows the exceedance probability (PE) of structural capacity at mud-
level with respect to wind speed due to wave load alone and combined wind and wave 
loads. In the wave loading alone case, for a critical wind speed of 50 m/s (Hs = 11.76 m)  
(Mone et al., 2015), the PE value is noted as 0.14, whereas for the combined wind and 
wave load action, this value is 0.41, for the accounted water depth of 20 m. There 
is 27% difference in the probability of exceedance of bending capacity between the 
former case and latter case at the critical wind speed (50 m/s). Similarly, the median 
values for the fragility are found to be 56 m/s and 84 m/s for wave alone and wind 
and wave loading cases, respectively. The corresponding Hs values are 12.70 m and 
19.76 m, respectively. Table 9.2 summarizes the discussed results in brief. 

9.6  CONCLUSIONS

Benchmark 5-MW National Renewable Energy Laboratory (NREL) monopile off-
shore wind turbine (OWT) in a water depth of 20 m is selected. Two cases of loading 
scenarios are considered: the first case with wave action alone condition and the 
second with combined wind and wave loads. Based on the applicable recommenda-
tions, the wind and wave loading effects on the OWT structure are calculated. The 
overturning bending moment (OBM) at mudline is taken as the critical response and 
the bending capacity at the same location as the damage threshold. With this back-
ground, the reliability based on the fragility curves are developed. It is found that the 
OBM exceedance vulnerability corresponding to a critical wind speed of 50 m/s is 
more for the second case by a percentage difference value of 27%.
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TABLE 9.2   
Bending Capacity Exceedance Probability Values 
for Water Depth of 20 m

    Wave Alone Wind and Wave

V10 (m/s) Hs (m) d = 20 (m)
50 11.76 0.14 0.41
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10 Identifying the Factors 
Affecting Users’ 
Safety at Bus Stops
A Step Towards Improving 
Bus Ridership

G Sethulakshmi and Mithun Mohan

10.1  INTRODUCTION

A tremendous increase in the number of vehicles has been observed in the world 
over the past decades. Developing countries are hit harder than other countries, and 
they suffer from traffic congestion, increased fuel consumption, vehicular emission, 
travel cost, and traffic accidents due to the uncontrolled growth of vehicles. About 1.1 
million people in India die prematurely each year from diseases directly related to 
air pollution, making it the fifth leading cause of death in the country (IHME, 2018). 
The transportation sector is the major contributor to air pollution through vehicle 
exhaust emissions in India. India’s transportation sector accounts for nearly 18% of 
the total energy consumption and contributes to 142 million tonnes of CO2 emission. 
During the COP21 Summit held in Paris, India committed to reducing its greenhouse 
gas emissions intensity by 33–35% below 2005 levels by the year 2030 (Bureau of 
Energy Efficiency, 2020).

Replacement of conventional cars completely with electric vehicles (EVs) results 
in less level of emissions (Rahman and Mohan, 2023). The study outlined that the 
emission levels at signalized intersections were reduced by replacing conventional 
cars in the traffic stream with 25%, 50%, 75%, and 100% of EVs at different levels 
of traffic volumes. A complete replacement of conventional vehicles can result in a 
considerable reduction in CO2 emissions. However, converting all conventional fuel 
vehicles to electric is not feasible in the present scenario. Therefore, it is essential to 
find other easy, fast, and economical methods along with the adoption of EVs.

The National Electric Mobility Mission Plan (NEMMP) 2020 was launched in 
2013 to achieve national fuel security by promoting hybrid and electric vehicles in 
the country. As part of the NEMMP 2020, the Ministry of Heavy Industries launched 
the FAME India Scheme in 2015 to promote the adoption of electric/hybrid vehicles 
in India. Nevertheless, the primary concerns of the customers regarding the range 
of EVs, lack of charging facilities, vehicle cost (battery cost), and hesitance to shift 
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towards new technology are to be resolved to attract more users towards the adoption 
of EVs (Ministry of Power. Govt of India).

The uncontrolled growth of vehicles has created safety threats to drivers, pedes-
trians, and other road users. Facilitating sustainable transport modes is necessary to 
cope with the adverse effects of dangerous growth in vehicle populations on citizens’ 
quality of life and safety. A sustainable transport system will also help bring energy 
efficiency to transportation and reduce environmental impact. Sustainable transport 
refers to ways of transportation that are sustainable in terms of their social and envi-
ronmental impacts. Components for evaluating sustainability include the particular 
vehicles used, the source of energy, and the infrastructure used to accommodate the 
transport. One of the most effective measures toward sustainability is to attract more 
people to public transportation. Shifting private transport to public transport can 
bring substantial benefits in terms of travel time, travel cost, and safety. Since public 
transport fails to provide last-mile connectivity, all the travellers using it are forced 
to become pedestrians at the start or end of their journey. Therefore, improving the 
quality of the existing public transportation system and its safety standards is vital 
towards alleviating the aforementioned issues (Sethulakshmi and Mohan, 2023a). 
Improving the standards of safety should include improving the safety of passengers 
on board and the safety of passengers at bus stops. Increasing service performance 
can increase bus ridership to a considerable extent, and among the measures of ser-
vice performance, safety is most important (Sethulakshmi and Mohan, 2023b).

10.2  LITERATURE REVIEW

Urban sprawl has created uncontrolled vehicle growth, and it has become a chal-
lenge to achieve sustainable mobility in road transport, particularly in rapidly devel-
oping areas. Bus stops are identified as a critical element of the public transport 
network because they act as an interface where users interact with transit vehicles 
(Cheranchery et al., 2019). Studies related to bus stop safety deserve much more 
attention in the public transport safety domain, as bus stops are associated with sig-
nificant accident risks derived from the mass movement of passengers (Phillips et al., 
2021). Many bus transit stations do not have adequate facilities, such as passenger 
waiting areas, loading areas, sidewalks, crosswalks, basic amenities, etc. Most of the 
bus stops are not correctly designated and are used for other purposes, causing road 
users to experience chaotic situations (Akintayo and Adibeli, 2022). Improper design 
of bus stops can result in unsafe acts from bus users, operators, and pedestrians, 
which ultimately lead to accidents (Cheranchery et al., 2019). Providing users with a 
comfortable and safe environment is also a part of engineering. A limited number of 
studies focus on pedestrian safety in relation to transit stops or corridors.

Travellers’ perception of safety is more important than the actual level of safety 
(Abenoza et al., 2018). Therefore, it is also necessary to identify unsafe bus stops 
based on users’ judgment of safety criteria instead of crash rates. Even though the 
research in traffic safety is in its progressive phase, the research on perceived safety 
is in its infancy, and there are no standard indicators to measure the safety perceived 
by the users (Sethulakshmi and Mohan, 2023b). Travellers’ safety perception has 
been one of the salient indicators of travel satisfaction. Location, design, and the 
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surrounding environment should be such that they shall meet the users’ expectations 
(Tubis et al., 2021). Therefore, there is a strong demand for perceived safety quanti-
fication in areas with high passenger flow rates that will substantially contribute to 
road safety.

Zhang et al. (2019) carried out a study to derive the public transport passenger 
satisfaction index using the Partial Least Squares Structural Equation Model (PLS-
SEM). They concluded that safety, convenience, reliability, comfort, and operational 
service significantly affect the passenger satisfaction index. While measuring safety, 
onboard safety is considered rather than the perceived safety of passengers while 
using the bus stop facility. Hu et al. (2015) conducted a study to measure the impact 
of the perception of bus service performance on mode choice using SEM and mul-
tinomial logit modelling. The results show that reliability and comfort have greater 
significance than availability and safety on mode choice.

Improving public transport ridership is an inherent part of sustainable develop-
ment. Identifying the factors affecting mode choice will help enhance the existing 
facilities. Therefore, the study will determine the relative importance of factors 
that affect their mode choice and measure travellers’ safety perception while wait-
ing or moving around bus stops. Travel comfort, safety, timeliness of the buses, 
distance travelled, and travel time are the factors considered to prioritize the trav-
ellers’ mode choice. Safe conditions at bus stops and their immediate vicinity are 
essential to avoid catastrophic fatalities and attract more people to public trans-
port. Periodic safety assessment is inevitable in the context of increasing safety 
issues. A proactive approach to traffic safety evaluation is gaining more attention 
when reliable and accurate crash data records are not available. Therefore, the 
study uses online and field surveys to measure the travellers’ perceived safety at 
bus stops. Since it is a proactive approach towards sustainable and safe public 
transport, the study’s findings will be used for planning transit stations, including 
the travellers’ perception.

10.3  METHODOLOGY AND DATA COLLECTION

The study aims to measure the perceived safety of travellers at bus stops. It also tried 
to identify the relative importance of factors that affect their mode choice and mea-
sure travellers’ safety perception while waiting or moving around bus stops. Travel 
comfort, safety, timeliness of the buses, distance travelled, and travel time are the 
factors considered to prioritize the travellers’ mode choice. In the first part of data 
collection, an online-based questionnaire survey was conducted, and a total of 400 
individual responses were collected. Later, the sample was reduced to 337 after data 
cleaning. In the second part, an opinion survey was administered through face-to-
face interviews based on a random sampling of the bus users waiting at 13 selected 
bus stops in Kerala, India. After the data was cleaned and verified, 384 samples were 
considered for analysis.

The questionnaire was designed to complete the interview within 6–8 minutes.  
The questionnaire was provided both in English and the local language for a 
reliable response. It was framed into four parts to collect information regarding 
the respondent’s socio-demographic characteristics, trip characteristics, accident 
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experiences, and opinions on safety characteristics in and around bus stops. The 
socio-demographic characteristics included the respondent’s age, gender, educa-
tion, annual income, and vehicle ownership. Trip frequency via buses, frequently 
used mode of transport, trip purpose, and two-way travel distance were covered 
under trip characteristics. Trip characteristics also asked the respondents to rank 
the factors such as travel comfort, safety, timeliness of the buses, distance trav-
elled, and travel time on the basis of their priorities while selecting bus as a mode 
of transport choice (1 for first priority and 5 for last priority). Under accident 
experience, information about their previous personal accident experience and 
accident victimization was recorded.

The last part of the questionnaire collected the travellers’ safety perceptions of 
various factors in and around bus stops on a five-point rating scale from 1 (very 
unsafe) to 5 (very safe). Twenty questions were asked to collect data regarding their 
safety perception, which are listed as follows:

•	 Bus is stopping far away from the bus shelter or improper stopping of bus
•	 The bus stopped in front of bus stop and maintained wide gap from it
•	 Hurrying up for departure by bus operators
•	 Lack of necessary roof shelter and safety barrier at bus
•	 Lack of safety barrier at bus stop
•	 Water logging during rainy season at bus stop
•	 Lack of adequate sitting facility
•	 Encroachment of bus stop by vendors
•	 Bus approaching the bus stop at high speed
•	 Absence of sufficient light at night in the bus stops
•	 Narrow platform of the bus shelter
•	 Bus stop is not properly maintained
•	 Lack of pedestrian crossing facilities like markings or foot over bridges 

adjacent to bus stop
•	 Inappropriate sidewalk facilities
•	 Unruly behavior of other passengers at bus stop
•	 Bus stop located on curves
•	 Bus stop located near intersections (road junctions)
•	 No separate facilities for men and women
•	 Left-side overtaking by other vehicles at bus stop while passengers are 

boarding and alighting
•	 Bus stop located near school

10.4  DATA ANALYSIS AND RESULTS

The analysis starts with the descriptive statistics of the responses. Table 10.1 gives 
a comparison of the descriptive statistics of field surveys and online surveys. The 
proportion of male and female respondents is nearly the same in both surveys, while 
age distribution exhibits a remarkable difference. In the online survey, 46.3% of the 
respondents are ages 25–34, while in the field, the age groups 18–24 and 45–60 con-
tribute 50% of the respondents. Another considerable variation has been observed in 
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the case of the educational qualification of the respondents. Field surveys constituted a 
significant share of people (31%) with qualifications up to matriculation, while online 
surveys failed to capture this field reality. The main reason is that specific popula-
tions are less likely to have internet access and to respond to online questionnaires. 

TABLE 10.1 
Descriptive Statistics of Online and Field Surveys

  Description Online Survey Field Survey
Number of respondents: 337 384

Gender: Male 45.99% 44.8%

Female 54.01% 55.2%

Age: < 18 1.8%   6.3%

18–24 37.1% 24.7%

25–34 46.3% 16.9%

35–44 7.1% 16.4%

45–60 6% 24.5%

> 60 1.7% 11.2%

Education: Up to Matriculation 1% 31%

HSE 3.5% 18.7%

ITI/Diploma 12.8% 12.5%

Graduate 50% 27.9%

PG and above 32.7%   9.9%

Frequency of bus trips: Frequently 37.4% 60.9%

Once in a week 14.8% 14.6%

Once in a month 13.3% 10.2%

Once in 3 months 3.3%   4.4%

Very rarely 31.2%   9.9%

Accident Experience: Victim of accident 6.8% 18%

Witness to accident 38.8% 25.5%

License: Yes 58.2% 42.7%

No 41.8% 57.3%

Annual household income: < 1 Lakh 47.8% 43%

1–3 Lakh 23.4% 36.2%

3–5 Lakh 14.5% 14.8%

5–10 Lakh 11.2%   5.5%

>10 Lakh 3.1%   0.5%

Two-way travelling 
distance:

< 20 km 61% 52.6%

20–40 km 23.4% 23.4%

40–80 km 11.2% 10.2%

80–120 km 2.3%   5.7%

> 120 km 2.1%   8.1%

Frequently used mode of 
travel:

Bus 19% 58.1%

Two-Wheeler 38.7% 28.1%

Car 35.6%   9.4%

Train 2.8% 1%

Auto 3.9% 3.4%
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Drawing samples is more challenging based on email addresses or website visitations. 
People may not have smartphones, and those needing help reading and understand-
ing the questions will surely be missed during these online surveys. In field surveys, 
the interviewer can clarify the questions and probe respondents for more complete 
responses. Even though 400 responses were collected through online surveys, only 
337 were complete. Considering the frequency of bus trips, around one-third of the 
online survey respondents use the bus very rarely. On the other hand, a field survey 
could capture a better share of bus users, giving a clear picture of the ground reality. 
Another remarkable difference is in the case of frequently used modes of transport. 
Most online respondents use two-wheelers or cars as their primary mode of transpor-
tation. Therefore, the responses from those people will be based on their limited expe-
rience. Ultimately, we can conclude that the demographics of the online respondents 
differ from those of the field survey, especially the travel characteristics.

Sections 10.4.1 and 10.4.2 describe the analysis of the responses collected through 
online and field surveys. Firstly, ranking factors like travel comfort, safety, timeliness of 
the buses, distance travelled, and travel time are analyzed to find the factor which catches 
prime attention while selecting a bus as a mode of travel. Secondly, the safety responses 
are analyzed to see the overall perceived safety of the travellers at the bus stop.

10.4.1 R anking of Factors Affecting Bus Choice

This section analyzes the ranking of factors like travel comfort, safety, timeliness of 
the buses, distance travelled, and travel time. Table 10.2 and Table 10.3 summarize 

TABLE 10.2 
Percentage Frequency of Ranking Observations (Online Survey)

Ranking Comfort Safety Timeliness Travel Time Distance
1 33.8 18.4 13.4   9.2 24.9

2 21.4 32.0 19.6 18.7   8.6

3 17.5 24.6 36.8 13.6   7.4

4 12.8 13.6 17.5 41.8 14.2

5 14.5 11.3 12.8 16.6 44.8

Weighted Average Score   3.472   3.323   3.036   2.618   2.543

TABLE 10.3 
Percentage Frequency of Ranking Observations (Field Survey)

Ranking Comfort Safety Timeliness Travel Time Distance
1 12 19 25.5 14.6 14.3

2 11.5 25 16.9 18.2   7.3

3 19 28.4 33.1 14.1   8.1

4 32.8 13.8 13 38.3 25

5 24.7 13.8 11.5 14.8 45.3

Weighted Average Score   2.533   3.216   3.319   2.795   2.203
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the percentage frequency of ranking observations. The weighted average scores (the 
higher the score, the more the priority) reveal that safety has the second most prior-
ity and travel distance has the least priority while taking a bus as a mode of travel. 
Comfort ranked first in online surveys, while timeliness ranked first in field-based 
surveys.

  Even though the priorities differ in online and field surveys, safety plays 
a significant role in selecting a bus as a mode of travel. Improving safety dur-
ing bus transport and at transit stations could attract more people to bus trans-
port. Timeliness and travel comfort should be improved for better bus ridership. 
Providing real-time information about the bus will be more beneficial for the pas-
sengers to track the bus.

10.4.2 A nalysis of Safety Responses

The responses collected through the online survey were initially analyzed for 
perceived safety but yielded no significant outcome as the responses were not fit 
for any analysis. The cross-tabulation analysis of online responses also could not 
lead to a conclusion. This might be due to fake or randomly selected answers. The 
chances of just hitting buttons to finish are also high due to impatience. Further, 
in the case of genuine responses, the respondent marked their responses from 
a comfortable location, entirely detached from the environment around the bus 
stops.

The shortcomings of the online survey were rectified through field data collec-
tion. The field survey responses were analyzed in three stages. Exploratory factor 
analysis (EFA) was performed to test whether the items were loaded to the cor-
rect factors. Confirmatory factor analysis (CFA) was used to test the first-order 
measurement model’s reliability, convergent validity, and discriminant validity. 
Second-order CFA was conducted to determine the measurement model’s reliabil-
ity and validity for the overall perceived safety of bus stops (Sethulakshmi and 
Mohan, 2023a).

The IBM SPSS 25.0 software package was used to group the indicators and 
conduct EFA on the safety ratings obtained for 20 chosen factors. This study 
used principal component analysis and varimax rotation to perform EFA. Six 
items were eliminated due to their low factor loading, including having a separate 
restroom for men and women (SEPN), water logging at bus stops (WATRLOG), 
vendor encroachment (VENDOR), location of the bus stop close to the school 
(SCHOOL), use of a mobile phone while boarding and alighting (MOBILE), and 
parking other vehicles at bus stops (PARKING). The final analysis of safety per-
ception used 14 indicators with loading >0.5 (Lawson et al., 2013; Sethulakshmi 
and Mohan, 2023a). Figure 10.1 depicts the path diagram for confirmatory factor 
analysis.

The first latent construct is the bus stop facility, which includes the bus stop 
shelter (SHEL), safety barrier at the bus stop (S_BAR), seating facility (SEAT), 
lighting facility (LIGHT), and platform width (W_PLAT). The second construct 
is bus operator behaviour (BO_BEH), which covers indicators such as improper 
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stopping of buses at the bus stop (IMP_STP), hurrying up of departure by bus opera-
tors (HURY), and buses approaching the bus stop at high speed (H_SPD). The bus 
stop location is the third construct, which includes positioning the bus stops near 
the curve (CURV) and junction (JUNTN). The fourth factor, other bus user behav-
iour (OU_BEH), is measured by left-side overtaking behaviour (L_OVERT) and 
the unruly behaviour of other passengers waiting at the bus stop (UNR_BEH). The 
final factor, the pedestrian facility (P_FAC), includes the availability of sidewalk 
(F_SDWAK) and crossing (F_CROS) facilities for pedestrians near the bus stop 
(Sethulakshmi and Mohan, 2023a).

CFA was carried out using the IBM-AMOS 22 software on five latent constructs 
found through EFA. The measurement model provided the following model fit 
indices: χ2 = 146.316, χ2/df = 2.184, RMSEA = 0.056, TLI = 0.956, NFI = 0.942,  
IFI = 0.968, and CFI = 0.967. All path coefficients have p-values below 0.05, indicat-
ing that they are significantly correlated to the safety constructs (Sethulakshmi and 
Mohan, 2023a). The factor structure produced an acceptable model fit because all 

FIGURE 10.1  Confirmatory factor analysis.
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TABLE 10.4 
Summary of EFA and CFA (Sethulakshmi and Mohan, 2023a)

  EFA CFA  
Item Cronbach’s α CR AVE

Bus stop facility (B_FAC) 0.861 0.861 0.555

Bus operator behaviour (BO_BEH) 0.860 0.865 0.683

Bus stop location (B_LOC) 0.664 0.669 0.503

Other user behaviour (OU_BEH) 0.871 0.876 0.781

Pedestrian facility (P_FAC) 0.650 0.665 0.500

the indices are within the allowable range (Table 10.4). Each of the five constructs 
reported Cronbach’s alpha and CR values above the threshold of 0.6 (Jomnonkwao 
and Ratanavaraha, 2015), denoting good internal consistency and convergent validity 
of the items in the measurement model (refer to Figure 10.2).

FIGURE 10.2  Measurement model for perceived safety.

(Based on Sethulakshmi and Mohan, 2023a)
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Information on prioritizing the safety improvement measures may be found in 
the loadings generated for the factors based on second-order CFA. For instance, 
since the bus stop facility obtained the highest CFA score in the second-order 
model, upgrading its amenities might significantly raise people’s perceptions of 
safety compared to other components. In order to increase the safety provided by 
the bus stop facility, particular attention should also be paid to the feature with 
the highest score in the first-order model, namely adequate illumination at the bus 
stop. Similarly, while improving pedestrian amenities, sidewalks should have come 
first. Therefore, the factor loadings may be employed efficiently to increase total 
bus stop safety. Bus operators and other users’ behaviour also affect safety percep-
tions. Improper stopping of the bus at the bus stop greatly impacts perceived safety 
compared to a bus approaching at high speed and hurrying up of departure by bus 
operators. Therefore, measures should be taken to ensure proper stopping of buses 
at the bus stop at the planning stage itself. Providing marked areas for bus stop-
ping and avoiding situations that lead to improper stopping are the best preventive 
measures.

Similarly, safety from other users’ behaviour also significantly contributes to the 
users’ perceived safety. Wrong side (left side in the Indian scenario) overtaking cre-
ates more safety impact than the unruly behaviour of waiting and other passengers 
at bus stops. Other motorists tend to overtake the bus when it is stopped with a wide 
gap from the bus stop. Therefore, the safety of the boarding and alighting passengers 
will be affected.

10.5  CONCLUSIONS

Promoting public transport use and improving transit stops’ safety and accessibility 
is a low-cost and efficient measure towards sustainability. Diverse strategies related 
to public transport planning and the development of better infrastructure could 
reduce fossil fuel consumption and emissions (Sagaris and Arora, 2016). The safety 
perception of travellers is an essential constituent to consider when planning transit 
stations. This study concluded that a field study is more potent than an online survey 
in gathering reliable and accurate information on travellers’ safety perceptions. The 
safety measured from the five sub-factors, such as bus stop facility, bus stop location, 
the pedestrian facility near the bus stop, bus operator behaviour, and other bus users’ 
behaviour, contribute to measuring the latent construct, perceived safety. The face-
to-face interview survey was conducted at bus stops and concluded that the facilities 
provided at the bus stop play a significant role in determining their perceived safety 
at bus stops. Similarly, sidewalks should be given prime importance while improv-
ing pedestrian amenities rather than crossing facilities at bus stops. The results also 
recommend that providing night light facilities, adopting measures to avoid improper 
stopping of buses and left-side overtaking, and avoiding bus stops on curves and 
junctions could improve perceived safety. The study findings will benefit transporta-
tion planners in developing safer and more reliable bus transit systems, especially 
bus stops, and designing more effective strategies for increasing passengers’ loy-
alty. Future research could consider the measures towards sustainable transport 
planning, like integrating different modes of transport with public transit to improve 
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accessibility. Measures to improve public transport’s comfort, safety, and timeliness 
should be considered seriously and could be helpful to make public transport accept-
able to all classes of people.
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Sustainable Urban 
Transportation in India
Issue, Challenges, 
and Adaptations

Jiten Shah and Priyank Trivedi

11.1  INTRODUCTION

Most rising countries’ urban transportation systems are far from desirable (OECD, 
1996). Traffic congestion is the most obvious and often-criticized transportation 
issue in a city, and it is widely acknowledged that more vehicle congestion has a 
noteworthy impact on the gross domestic product (GDP) of any country. Most cities 
in developing countries lack affordable public transit as well as safe arrangements for 
non-motorized means of movement like walking and cycling (Steg, 2007). Private 
autos have progressively expanded in quantity and now monopolize the road. As a 
consequence, the transportation industry is disproportionately responsible for urban 
public health issues such as air pollution, noise, greenhouse gas emissions, and traffic 
accidents (United Nations, 2014). Aligning with these facts, the transport industry in 
India is extensive and diversified, serving the transportation demands of 1.1 billion 
individuals. In 2012–2013, the industry generated around 5.2% of the nation’s GDP, 
with the road network accounting for the lion’s share (Indian Institute for Human 
Setttlements, 2015). Economic development requires strong connections in both 
urban and rural locations.

Since the early 1990s, the developing Indian economy has seen an increase in 
demand for transportation services and facilities. Reliable and dependable urban trans-
portation networks are critical for India to maintain its rapid economic expansion. The 
prominence of urban transportation in India originates from its involvement in tum-
bling poverty through boosting connection to labour markets and consequently raising 
wages in disadvantaged neighborhoods (Estache, 2007). Logistics and manufacturing 
sectors are focused around cosmopolitan centres, necessitating the application of effec-
tive and reliable transportation systems. But, an absence of integrated transportation 
planning in India creates issues within the city’s social, economic, environmental, and 
cultural diversity and causes cracks in the community fabric and creates social exclu-
sion. Therefore, political leaders and decision-makers must immediately redirect urban 
transportation development towards a more sustainable future to return urban spaces 
back to citizens and establish further livable communities. Developing a sustainable 
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urban transport network needs an inclusive and assimilated approach of policymaking 
and decision-making through the objective of building systems that are affordable, 
financially feasible, user-centric, and environmentally benign (Steg, 2007).

The following structure is used within the chapter. Section 11.2 delves into 
India’s urban transportation issues in depth. Section 11.3 discusses the concerns and 
obstacles that make developing sustainable urban transportation in India more chal-
lenging. Section 11.4 summarizes the adaptations necessary to accomplish the sus-
tainability targets within the Indian transportation sector, followed by the chapter’s 
conclusion in Section 11.5.

11.2  PROBLEMS FOR URBAN TRANSPORTATION IN INDIA

11.2.1 U nrestrained Motorization

Sustained growth in the economy and rising per capita income have resulted in a 
significant intensification in motorized vehicles in India. Over the years, the number 
of automobiles registered has steadily increased. As of March 31, 2020, India has 
326 million registered vehicles. The amount of registered automobiles in the nation 
expanded at a compound annual growth rate (CAGR) of 9.8% between 2010 and 
2020 (Ministry of Road Transport and Highways (MoRTH), 2021). The proportion 
of two-wheelers (74.7%) in the vehicular population in 2020 is followed by auto-
mobiles, jeeps, and taxis (13.4%), other vehicles (6.9%), cargo vehicles (4.4%), and 
buses (0.7%). The composition of vehicles and the pattern of category-wise growth 
rates of Indian traffic have demonstrated that road users prefer customized modes of 
transportation (cars and two-wheelers) over public road transportation. Figure 11.1 
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represents the decadal trends in numbers of registered vehicles in India. The expan-
sion of individualized modes of transportation and the decline in public transporta-
tion share have important consequences for traffic congestion and safety. Vehicle 
density, as measured by the number of vehicles per kilometer of road length, has 
grown from 28 in 2010 to 47 in 2019. This is symptomatic of the country’s increasing 
road traffic congestion. The problem of congestion disturbs the road space and raises 
the need for improved traffic flow.

Furthermore, traffic congestion in India is increasing as a result of people’s pref-
erence for personal vehicles or motorized two-wheelers over public transportation 
choices (Indian Institute for Human Setttlements, 2015). However, most Indian urban 
administrative bodies are still following the same personal vehicle transportation–
oriented development trends. So, it’s clear that road-building policies haven’t kept 
up with the growing need caused by more people driving personal vehicles (Samal 
et al., 2020). Contrary to popular belief, many cities in advanced economies are pres-
ently seeking to rehabilitate from this traditional practice by halting the development 
of amenities for private automobiles and redeploying road space for public transit 
and non-motorized mobility (United Nations, 2014). In certain areas, this method 
has been referred to as a “road diet” or “complete streets”.

11.2.2 U rban Air Pollution

Urban air pollution is another significant issue for Indian city administrators. Issues 
regarding unacceptable air quality in India are rising with intensifying confirmation 
of the undesirable influences on healthiness (Balakrishnan et al., 2019), agricultural 
productivity (Ghude et  al., 2014), and the budget (Pandey et  al., 2021). With the 
current pace of rise in urban air pollution in India, cities have exceeded the World 
Health Organization (WHO)-recommended safe limit threshold by 500% (Gurjar, 
2021). Rapid urbanization and automation have resulted in some of the world’s most 
toxic air in most major cities. Therefore, the challenge for India in achieving climate 
mitigation is the decarburization of road transportation sectors. Different research 
organizations such as Integrated Research and Action for Development (IRADe), 
Pacific Northwest National Laboratory (PNNL), Council on Energy, Environment, 
and Water (CEEW), Center for Study of Science, Technology and Policy (CSTEP), 
The Energy and Resources Institute (TERI) and International Council on Clean 
Transportation (ICCT) predicted the increasing CO2 emission trends caused by the 
road transport sector in India. The range of predicted CO2 emissions by most of these 
organizations lies between 800–1900 million tonnes (Paladugula et al., 2018).

High quantities of carbon monoxide and hydrocarbons, among other contami-
nants, are emitted into the air by the road transportation sector in most Indian cit-
ies. Illness caused by air pollution have harmed the economic growth of India by 
reducing efficiency, labor supply, health spending, and so on (Kanaujia et al., 2022). 
This economic loss is expected to have a 0.67% to 2.15% influence on the state’s 
GDP. The impact has been particularly severe in states such as Chhattisgarh, Uttar 
Pradesh, Bihar, Rajasthan, and Madhya Pradesh (Kanaujia et al., 2022). Air pollu-
tion has grown in small cities and villages in recent years. It seems to have become 
a serious problem for municipal managers and policymakers in terms of citizen 
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health. Excessive pollution has prompted the suspension of schools and workplaces 
in major Indian cities and metropolitan regions, and a portion of the population has 
been advised to stay indoors (Kanaujia et al., 2022). In most Indian cities, the road 
transportation sector puts out a lot of carbon monoxide, hydrocarbons, and other 
pollutants into the air. Controlling air pollution and creating a practical air quality 
management system requires a complete understanding of its primary contribution 
(Sharma & Mauzerall, 2022). Projections show greater declines in air quality and 
a 24% rise in particulate matter (PM) 2.5-related premature deaths by 2050 com-
pared to 2015. This understanding of air pollution and its origins, as well as potential 
treatments to minimize air pollution, may help lessen the problem in the long run. 
Air pollutants such as PM1, PM2.5, PM10, NOX, SOx, CO, Ozone, and Pb have a 
significant influence on degrading air quality in India. These microscopic particles, 
which are spread in the sky and transported by the wind, concentrate in hotspots 
and degrade local air quality. The percentage contribution of these pollutants varies 
according to the source of pollution. However, road traffic emissions are a significant 
contributor (second largest) to air pollution in India’s urban areas (Badami, 2006).

The higher road dust contributes significantly to PM emissions in megacities such 
as Kolkata (61%), Mumbai (30%), and Delhi (37%). Similarly, in Indore (47%), Surat 
(42%), Bengaluru (41%), and Chennai (34%), vehicle travel is the biggest contributor 
to PM 2.5. Furthermore, privately owned two- and four-wheelers account for up to 
60% of health-critical PM emissions from passenger cars, whereas diesel-powered 
buses account for approximately 17% (Badami & Iyer, 2006). Regional and national 
political leaders need to move quickly to solve this problem.

11.2.3  Increasing Road Accidents

Road accidents are among the list of highest fatality-initiating causes in India (Shah 
et al., 2022). The relatives of persons involved in road accidents are fronting eco-
nomic, communal, and psychological health concerns due to after-trauma (Trivedi &  
Shah, 2022b). Furthermore, as a result of increasing congestion of vehicles, road 
accidents are more common in Indian cities (Ministry of Road Transport & 
Highways, 2018). As per Figure 11.2, the cities with million-plus population noted 
with 15,350 deaths and 58,758 fatalities in year 2021 (Ministry of Road Transport 
and Highways (MoRTH), 2021). These higher numbers are influenced by many 
micro-level factors. Generally, these factors are classified as (a) management frame-
work and policy issues, (b) engineering design and standardization challenges, and 
(c) awareness challenges (Shah et  al., 2022). The first category comprises a lack 
of an organizational strategic framework and proper rule-based administration, a 
lack of interdepartmental management, a deficiency of inter-ministerial coopera-
tion, financial challenges, and poor data gathering for traffic collisions. The second 
classification comprises faulty design of urban roads, absence of road infrastructure 
according to urban needs, and deficiency of consultation with road-safety auditors 
for safer urban roads. Finally, understanding of road safety rules and guidelines 
among Indian road users is deficient. In India, for instance, issues with putting pub-
lic strategies into action include a lack of internal coherence among public policies, 
as well as a shortage of both materials and human resources, all of which makes 
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it harder to reach the goals that policymakers say they want to reach. In addition, 
active engagement of stakeholders is needed for undertaking planning, generating 
standards, establishing indicators, and creating timetables for road safety initiatives 
in order to effectively execute the road safety map. The conventional severity analy-
sis techniques must be implemented for better decision-making (Trivedi & Shah, 
2022a). Many difficulties in road safety need collaborative efforts from different 
parties in complex urban environments. Good coordination among stakeholders 
will pave the path for objective achievement, which will be followed by integrated 
monitoring of operations.

11.2.4 M obility Within Urban Area

Cities in South Asia, particularly in India, have the highest concentrations of dis-
advantaged people. Indian cities are situated between the country’s enormous pop-
ulation and the world’s urban-centric economy. India is home to one-third of the 
world’s impoverished, while Indian cities are home to one-fourth of the world’s eco-
nomically disadvantaged people (Mathur, 2010). This low-income population tries to 
make a living in Indian cities via swanning, labour work, peddling, moving products, 
and even scrapping (Joshi, 2014). In their efforts to carve out a place for themselves, 
the urban poor frequently clash with official major projects, laws, and government 
rules (Benjamin, 2008). It is imperative that India’s urban transportation system 
be made more sustainable by enhancing its accessibility, affordability, scalability, 
social equality, productivity, security, comfort, low emissions, and friendliness for 
both people and the environment. All of this can only be accomplished through a 
concerted effort to overcome the many obstacles standing in the way.
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dents and severity trends of year 2015–2021.
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It’s important to recognize the many ways that transportation (or mobility) in 
cities affects other parts of city life. An integrated approach is required for a holis-
tic solution to describe sustainable urban transportation in a city. In general, sus-
tainable transportation promotes public transportation, bicycles, and walking while 
discouraging individual motorised modes of transportation (cars and motorcycles). 
Due to its cheap investment costs, quick timeframe, excellent service quality, and 
ability to carry huge numbers of people once completed, bus rapid transit (BRT) has 
gained widespread favour in recent years. Many developing-country megacities are 
also investing in urban light-rail system development, modernization, and expansion. 
The initial investment and ongoing upkeep of metro and urban light-rail systems are 
high, but the long-term economic, social, and environmental advantages may be sub-
stantial. According to a number of studies, the public benefits of investing in urban 
public transportation infrastructure and services far outweigh the investment costs. 
When commuters can travel from one point in the city to another, urban public trans-
portation systems become more appealing to them and more economically viable for 
operators. This is possible through network expansion and intermodal connections.

According to rationalists, cities may save a lot of money on energy and fuel by 
adopting plans where major thoroughfares are easily accessible by public transporta-
tion. Mixed-use development is advocated for, and the significance of information and 
communication technology (ICT) in lowering people’s commuting needs is stressed, 
all of which point to a more tightly integrated approach to land use and transportation 
planning. This technique may successfully boost accessibility and minimize travel 
lengths and times by integrating land use and transportation and creating communi-
ties such that home, work, and retail sites are adjacent to one another (mixed-use 
development). Urban development master plans help with this goal. The plan should 
also highlight initiatives that enhance transportation methods and infrastructure. A 
more technological strategy is needed to resolve urban transportation issues. It pro-
poses, among other things, raising the bar for fuel quality and vehicle fuel efficiency, 
formulating emission standards, establishing policies for vehicle inspection and 
maintenance (I&M), and making the switch to “intelligent transportation systems,” 
which use ICT to optimize transportation networks. Improving freight transportation 
technologies and logistics is also highlighted.

11.3 � ISSUES AND CHALLENGES FOR THE EFFECTIVE 
DEVELOPMENT OF SUSTAINABLE URBAN 
TRANSPORTATION IN INDIA

In establishing sustainable urban transportation, Indian cities face comparable con-
cerns and challenges to those in other developing countries. The following are some 
of the most important challenges that generate or aggravate urban transportation 
problems within Indian cities.

11.3.1 R ules and Regulations Gaps

Neither the federal government nor any of the individual states has passed any legis-
lation that adequately tackles the problems of urban transportation in India’s cities. 
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The recent system of laws, rules, and management for urban transportation is a hold-
over from when Indian cities had fewer people and fewer transportation problems. 
The fragmentation or overlap of laws creates two hurdles to properly managing 
urban transportation concerns (Indian Institute for Human Setttlements, 2015). First, 
the numerous varied aims for which laws are made create incoherence in the policy 
framework. It is also reflected in the scheduling, communication, and handling of a 
given situation by governments and cities.

No laws exist to facilitate the creation and implementation of mass rapid transpor-
tation systems like BRT, light-rail transit (LRT), monorails, and other guided modes. 
Moreover, there are gaps in the law within the urban transport governance structure 
due to topics like integrated land use, urban transportation planning, and multimodal 
integration not being addressed by any act (Verma et al., 2021). This legislative gap 
results in problems with synchronization and incorporation of urban transportation 
systems in Indian cities. Similarly, the comparatively lax enforcement of current 
legislation, along with the lack of severe punishments, contributes to rampant viola-
tions of transportation norms and regulations. Motorized vehicles must be examined 
after 10 years of usage, according to the Motor Vehicle Act; however, the Regional 
Transport Office (RTO) occasionally administers the act. The lack of tough exams, 
low costs, and the introduction of intermediaries to facilitate the issuing of driving 
licenses have resulted in a decline in driver skill and competency (Bertrand et al., 
2007). This is a significant contributor to the growing difficulties of traffic disci-
pline, air pollution (Badami & Iyer, 2006), traffic-related accidents and safety (Shah 
et al., 2022), and so on in most Indian cities.

11.3.2 D isintegrated Institutional Frameworks

For commuters to have a smooth and enjoyable travel experience, urban trans-
portation systems must execute various duties in a well-coordinated way. It’s true 
that the way institutions are set up in India right now means that different groups 
at the national, state, and local levels do diverse things without always working 
together. The transportation department is in charge of urban transportation plan-
ning in some Indian states; in others, urban development or municipal administra-
tion is in charge (Indian Institute for Human Setttlements, 2015). However, there 
is a critical shortage of vertical and horizontal integration across these entities at 
the federal, state, and municipal levels, rendering responsibility incredibly difficult. 
Urban transportation and land use plans don’t seem to be planned and linked with 
the same goal. Inadequate authority at the municipal level is another problem. In 
general, municipal authorities are insufficient to carry out efficient city governance, 
either owing to a lack of technical expertise within urban administrations or due to 
a poor income and reliance on state and central governments for financial demands. 
Though India’s emerging urban transportation concerns are comparatively recent, 
they are significant. But current official commands prioritize other sectorial mat-
ters over urban transportation. For instance, the Indian Railways chose against 
establishing urban rail transportation, and because there wasn’t enough money for 
separate agencies, the Ministry of Urban Development (MOUD) took over similar 
systems in other cities. Similarly, police view traffic enforcement and management 
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tasks as secondary to criminal control. Municipalities, meanwhile, prioritize water 
supply and garbage disposal above urban transportation difficulties, resulting in no 
one entity being liable or authorized for addressing urban transportation challenges 
and issues effectively.

11.3.3 � Impact of Misrepresentation of Land Market on the 
Development of Transportation Infrastructure

The increased cost of land rights, combined with laborious and tedious processes, is a 
significant obstacle to building integrated urban transportation infrastructure. In 2008, 
land acquisition issues accounted for almost 70% of most infrastructure project delays 
(3iNetwork, 2009). Local zoning and development control laws cause the real estate 
market to be very unbalanced. This limits the amount of land that can be used for com-
mercial, industrial, or residential purposes. A substantial proportion of public prop-
erty keeps enormous tracts of well-located land out of the market. Complicated and 
time-consuming rural to urban land transition laws raise the purchase cost. Several 
properties have been subjected to litigation as a result of laws such as the Urban Land 
Ceiling and Regulation Act (ULCRA), keeping them out of the supply of develop-
able land (The Ministry of Urban Development, 2015). The Development Control 
Regulations (DCR) laws on floor area ratio (FAR) and floor space index (FSI) are 
excessively low in comparison to worldwide standards (FSI in Mumbai is restricted  
to 1.33) (Indian Institute for Human Setttlements, 2015). Landowners are given incen-
tives to give up their land so that infrastructure can be built, and exceptions to these 
laws are worked out in a way that is very selective and unclear (Narain, 2009). An 
attempt to establish well-planned settlements beyond the current city boundaries 
with the goal of ultimately relocating the main activity centers has achieved moder-
ate success. There is insufficient transportation infrastructure to accommodate these 
newly planned suburban townships and the surrounding households. As a result of 
such practices and uncontrolled expansion, the Indian suburbs are characterized by 
the accumulation of industrial expansion, waste, and unharmonious land uses. All 
of these uncontrolled expansions of metropolitan communities have deteriorated the 
villages both physically and socially. Suburbanization has also developed along key 
roads leading from Indian cities to the countryside. This sort of low-density, spread-
out decentralization makes providing adequate public transportation services to such 
locations extremely difficult.

11.3.4 �D eficiency in Inclusive Design Standards 
for Transport Infrastructure

For many years, the Indian Road Congress (IRC) has been the authoritative body on 
highway and urban road development in India, dictating both architectural standards 
and technical instructions. Public works departments (PWDs) and other municipal 
agencies responsible for roads and buildings all voluntarily follow the IRC’s guide-
lines. To a large extent, this is because towns and public works agencies do not see any 
value in adhering to IRC standards and therefore do not insist that contractors do so. 
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This means that most urban roads are poorly planned and poorly implemented, and 
that the functional requirements of urban roads are not being met. Disorganized and 
uncontrolled traffic, a leading cause of traffic accidents and fatalities, occurs when 
just a section of the right-of-way is established. Many city-led efforts, especially in 
Delhi and Bengaluru, have been started to fill the gap left by the lack of guidelines 
for designing roads in cities. The Unified Traffic and Transportation Infrastructure 
(Planning and Engineering) Centre (UTTIPEC) in Delhi developed city-specific 
street plans, such as areas for three-wheeler stops and vending machines, lighting for 
pedestrians that takes into account the shade of nearby trees, and so on. These plans 
also account for the road network, water permeability, and other urban factors. Delhi 
is the first city in India to have legally recognized street design standards that specify 
how to make roads accessible to people with different abilities. Janaagraha has taken 
on the mission of creating street-design principles and launching a pilot project to 
construct 50 roads according to standards in Bangaluru. There is a pressing need to 
remedy these deficiencies since there are so few such programmes.

11.3.5  Availability of Consistent Transport Data

In the absence of a database with scientific management and analysis of urban trans-
portation statistics, the capacity to design efficient urban transportation plans and 
evaluate the impacts of various initiatives in cities has been severely impeded (The 
Ministry of Urban Development, 2015). Because the vast majority of data is acquired 
either as part of specialized research or with a particular goal in mind, even the qual-
ity and reliability of the data that is publicly available are now in dispute. In addition, 
the data that is accessible is dispersed among several organizations, which might 
make it challenging to acquire it at times. The inability to gather data on a consistent 
basis is a barrier for both the process of strategic planning and the formulation of 
public policy. In any event, the data is not updated often enough to allow for in-depth 
research and accurate projections. It seems that this issue is widespread in Indian cit-
ies, which makes it more difficult to enhance public transportation. In order to ensure 
that data can be used for research, planning, development, and training, it is essential 
that the process of data collection be standardized and institutionalized and that data 
be gathered on a consistent basis. Only in this way can one be certain that data can 
be utilized for these purposes.

11.4 � ADAPTATIONS REQUIRED FOR ACHIEVING 
SUSTAINABLE URBAN TRANSPORTATION IN INDIA

Any policy-based adaptation and reform about urban transportation should aim to 
provide services that can last for a long time. It is obvious that the challenge is 
to find, put in place, and keep tabs on a coordinated set of policy initiatives that 
effectively handle particular challenges. Many urban transportation organizations 
work together in a coordinated manner. After a comprehensive evaluation of expert 
recommendations and a study of worldwide guiding principles, policy measures 
deemed possibly helpful are outlined in the following sub-sections.
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11.4.1 R eadjusting the Regulatory and Legal Framework

In India, the regulatory and legal framework enables the concept of sustainable 
urban transportation. Each state should enact comprehensive urban transport laws 
to explain who is accountable for what for public transportation, land use and 
public transportation integration, safety, non-motorized transportation (NMT), 
and intermediate public transport (IPT). The federal government may do this by 
drafting model laws that the states could then adapt to their own requirements. 
Finally, metropolitan and municipal governments should seize control of their own 
public transit networks. If passed, this legislation would require all metropoli-
tan areas with populations greater than one million to develop and implement a 
comprehensive mobility plan (CMP). In addition, the law should outline the goals 
and objectives of CMPs. Each state and union territory should enact the neces-
sary state legislation to establish a unified metropolitan transport authority and 
outline its governance structure, responsibilities, and jurisdiction. Intervention in 
land use and transportation development, such as land management, built form, 
transport planning and engineering, and institutional and financial frameworks, 
must be founded in the law. Thus, it is proposed that the present regulatory and 
legal framework governing urban management be updated. The Town and Country 
Planning Acts must be amended to promote more mixed-use and compact devel-
opment and less segregation of land uses and rigid zoning. Good fit and revisions 
must be applied to redevelopment control laws and building rules to close any 
potential gaps. For rules and regulations to be obeyed, enforcement must be cen-
tralized and increased.

11.4.2 T ransformation of Institutions

New concepts and integrated strategies for sustainable transportation need strong 
institutional and governance backing. Parliamentary will, strong leadership, 
openness, enough resources, and transparency are all required for the timely exe-
cution of successful legislative proposals that ultimately secure public confidence. 
The skills and expertise of planning agencies in creating appealing visions of 
urban futures are also critical to the whole process. Besides that, individuals and 
communities must be ordered to guarantee that investments and planning choices 
are mutually supportive. It thus entails establishing a forum for non-state actors 
and city inhabitants to discuss major urban transportation choices that affect 
human lives in some way. Money and resources should be channelled towards 
training and capacity-building of relevant individuals so as to equip them to face 
the multifaceted issues of the urban transportation. Synchronization between 
municipalities and within municipalities is critical for the establishment of fully 
integrated urban transportation networks for cities. This good governance offers 
a geographical framework for organizing infrastructure development and pub-
lic transport service well within different areas of a city. Municipal authorities 
must be enhanced with administrative control capabilities as well as fundrais-
ing capacity to pay transportation projects and managed services. It is possible 
that the goals of both the central government and the state governments in India 
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can be integrated into the process of urban transport development and manage-
ment through the creation and implementation of a unified metropolitan transport 
authority (UMTA) within major Indian metropolitan cities (Ministry of Housing 
and Urban Affairs et al., 2016).

11.4.3 E ffective Planning and Allocation of Resources

Access to available resources is crucial for the UMTA to operate efficiently and fulfil 
its role in urban transport coordination. Public funding, a pool of experienced and 
trained workers, and regularly updated information for use in decisions and planning 
count as resources.

11.4.3.1 � Public Financing for the Development of Urban  
Transport Projects

Investing in the right kind of infrastructure is crucial for establishing viable trans-
portation solutions in the long run. Steps should be taken gradually to rectify the 
existing imbalance between spending on public transportation and road development 
projects geared towards motorized transport. More resources should be allocated 
towards increasing non-motorized and high-capacity public transportation projects 
to offset the existing emphasis on roads and highways. It is essential that urban trans-
portation be financed and priced as a system as well. As urban local bodies’ (ULB) 
resources are inadequate to leverage such massive capital investment, the current 
way of funding significant urban infrastructure projects is via capital grants from the 
centre or state. A variety of methods may be used to raise money for public transpor-
tation initiatives in cities:

•	 Making use of the private sector for financial support via public private 
partnerships (PPPs)

•	 Implementing the National Urban Transport Development Fund outlined 
within the upcoming Five-Year Plan

•	 Providing tax break eligibility to the private sector for their projects if 
they are ready to submit to audits of their finances and operations by the 
government

11.4.3.2 � Government Agency and System Capacity 
Enhancement to Compete for Top Talent

The second crucial aspect is providing the government with the necessary institu-
tional and individual levels of professional knowledge. The term “capacity building” 
refers to efforts made to improve municipal services by enhancing the knowledge 
and expertise of existing municipal authorities and creating new, highly trained 
employees with college degrees. Training for current municipal authorities should 
concentrate on improving their knowledge, abilities, and insight into the necessary 
concerns surrounding urban transportation. To maximize the efficacy of the training 
and skill-building programme, states must be required to quickly establish a special-
ized organization for urban transport within every city and, at the state level, deploy 
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administrators to be designated to these organizations, deliver training, and then 
assign trained staff to the appropriate positions upon their return.

11.4.3.3  Innovation and Knowledge Creation
All relevant parties, such as the general public, require access to a trustworthy data 
source in order to establish effective urban transport policies and plans and evalu-
ate their effects. Along the way, the MOUD has built up a Knowledge Management 
and Database Center (KMC) within the Institute of Urban Transport India (IUT) in 
Delhi. Their goal is to establish a repository for planning, exploration, and training 
from all Indian cities and to create a state-of-the-art library facility. It has also been 
suggested that every state build its own version of the KMC and library in the capi-
tal. In order to maintain its usefulness for research and decision-making, the data 
acquisition and handling mechanism must be standardized and kept updated on a 
regular basis. The MOUD has set up urban transport centres of excellence (CoEs) to 
train a new generation of experts in the industry. CoEs should be tasked with updat-
ing and maintaining the database on a consistent basis, as well as ensuring that it is 
accessible to everybody.

11.4.3.4  Reforms within Existing Planning Practices
Existing plans and practices of urban development with transport planning must be 
aligned with the Comprehensive Urban Transport Act (CUTA), which requires the 
legislative blueprints listed as follows to be prepared in an integrated fashion as part 
of the formal planning system:

•	 The most in-depth urban transport and land use planning document is the 
ward-level Local Transport Plan (LTP), which is developed every ten 
years and amended every five years. LTPs must be drafted by ward commit-
tees with the assistance of UMTA. The LTP process allows the UMTA to 
experiment with trip orientations (trip destinations) and residential locations 
(trip origins) and make recommendations to improve them, in addition to 
implementing a variety of public transportation measures with local demand 
management to ensure efficient use of roads, seamless coordination of public 
transportation, and the right mix of advancement patterns and types.

•	 From the standpoint of city-wide transportation optimization, UMTA must 
develop a Comprehensive Mobility Plan (CMP) that compares land use 
patterns in the current planning system to mobility and land use initiatives 
projected within the LTP, and then selects an ideal design of land use and trans-
portation incorporation through commitments of stakeholders and citizens. 
The CMP’s proposal on an urban development plan must be incorporated into a 
revised master plan if it differs from the one currently in place. In cities without 
an existing master plan, creating a CMP is the first step in creating one.

•	 The competent planning authority should continue to create master plans 
in accordance with the Town and Country Planning Act of that state. Yet, it 
must be created so that the CMP is an important element of the master plan 
in each of these legal proposals from the act are consistent.
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11.5  CONCLUSION AND POLICY IMPLICATIONS

It is critical to realize that transportation is a derived need resulting from people’s 
desire to satisfy their required financial or social contacts. Private automobiles, pub-
lic transportation, and NMT are merely means to an end. This vision sees cities and 
mobility networks as instruments for promoting desirable social goals, with trans-
portation serving as a facilitator. This may be accomplished via compact city forms 
and mixed-use communities, which drastically minimize commute distances and, in 
certain cases, travel demands. Compact cities serve not just to bring activity centres 
closer together, but they also offer safe and efficient pedestrian and bicycle corridors, 
as well as economical, elevated public transportation alternatives.

To sum up, sustainable mobility is a critical facilitator of economic progress and 
has the ability to alleviate inequality in Indian cities. This is an important takeaway 
from the previous point. The comprehensive coordination of urban transportation and 
land use planning is essential in order to maximize efficiency, increase interconnec-
tion, and improve the operation of Indian cities via the use of multi-modal, envi-
ronmentally friendly transportation. Traditional methods, which prioritize spending 
public money and resources on personal transportation over public forms of trans-
portation, are not going to solve urban transportation problems such as traffic jams, 
road accidents, urban pollution, and other issues related to urban transportation. It 
is imperative that the state provide more financial resources for the construction of 
NMT and robust public transportation. There is a further risk that urban transporta-
tion will be seen as an essential support for the economy as a whole and the price 
structure. According to the discussion in this chapter, sustainable urban transport 
systems in Indian cities will only be possible to realize if institutions that are resilient, 
incorporated, and collaborative are established, and these institutions must also be 
facilitated by clearly defined responsibilities, statutory processes, economic freedom, 
and professional competence to effectively improve city accessibility. Structures must 
be put in place to ensure that these organizations are transparent to their members, 
subject to frequent oversight, and accountable to the people they serve. This is per-
haps the most crucial aspect. This is not possible unless there is strong political will 
and persistent pressure from the general public for things to change.

Since sustainable transportation requires a comprehensive multi-sectoral strat-
egy, following are some of the primary tactics and policy alternatives that municipal 
governments may examine in order to transform the city into one that is increasingly 
sustainable:

  1.	 Integrate land-use and transportation planning procedures, as well as 
associated institutional frameworks, at the urban level.

  2.	 Introduce a new public transportation project that must bring suitable 
land-use laws, establish multi-use development and medium-to-high den-
sities inside communities, offer people-oriented local access, and aggres-
sively promote transit-oriented development (TOD).

  3.	 Solicit advances in information and communication technology (ICT) to 
eliminate needless transit in urban corridors.
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  4.	 Incorporate non-motorized transportation (NMT) elements into transit 
master plans and optimize NMT infrastructure spending, such as expan-
sions of facilities for cycle-riders and pedestrians, the enlargement of 
intermodal connectivity facilities, and the implementation of broad street 
design principles wherever possible.

  5.	 Enhance community transit services, together with higher eminence, 
lower cost of services on special infrastructure besides with city’s key cir-
culation corridors and links to feeder transit services in neighbourhoods.

  6.	 Decrease the urban modal share for privately owned motorized vehicles 
through Transportation Demand Management (TDM) strategies such as 
paying for traffic, safety, and environmental costs, with the goal of gradu-
ally reducing price distortions that favour commuting, motorization, and 
expansion.

  7.	 Encourage the development of environmentally friendly transportation 
fuels and technologies, such as increasing sales of renewable power cars, 
battery technologies, and natural gas.

  8.	 Design and create municipal charging infrastructure for electric and 
plug-in hybrid cars, as well as participate in carpooling programmes to 
minimize automobile usage. Monitor fuel quality and tailpipe emissions 
regulations for all types of vehicles.

  9.	 Ensure that national rules about air quality and noise are followed, as rec-
ommended by the WHO. Also, make sure that monitoring and reporting 
are followed to reduce the number of days with high levels of particulate 
matter and other harmful gases, especially in areas with a lot of traffic.

10.	 Use low-carbon transportation options that are good for the environment 
and help the country’s energy security.

11.	 Set up and fund the institutions that will work on sustainable transpor-
tation and land-use policies and their implementation. These institutions 
will do things like exploration and expansion on environmental friendly 
transportation and endorse good governance for major transportation 
projects.
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12 Applications of Civil 
Engineering in Disaster 
Risk Reduction

N Vinod Chandra Menon, Sreevalsa 
Kolathayar and Sreekeshava K S

12.1  INTRODUCTION

Engineering solutions are needed to ensure that the structures are able to withstand 
the adverse impact of disasters, extreme events and climate change. Civil engineer-
ing, structural engineering and geo-technical engineering expertise is required to 
estimate the multi-hazard profile of geographies, along with the toolkits for problem 
solving by analysing the data related to the geo-morphology and hydro-morphology 
of specific geographies. Civil engineering applications for disaster risk reduction 
cover a wide range of knowledge systems which help in understanding the complex 
nature of the multi-hazard risk and vulnerability of the building stock. Civil engi-
neering applications are essential for strengthening the multi-hazard preparedness 
as well as risk reduction and mitigation strategies. Disaster typologies such as geo-
logical disasters (earthquakes, tsunamis, landslides, volcanic eruptions) and hydro-
meteorological disasters (floods, tropical cyclones, hurricanes, tornadoes, cloud burst, 
wild fires, drought, etc.) adversely affect and damage buildings, public infrastruc-
ture and critical infrastructure assets. The governments have formulated National 
Building Codes (NBCs) and other safety regulations to ensure that buildings, critical 
infrastructure and lifeline structures are built to withstand disasters, including low-
frequency, high-impact disasters in geographical areas which are prone to natural 
hazards. There are building bylaws and regulations which prohibit the construction 
of buildings in floodplain zones, in coastal areas and on unstable slopes. The build-
ing plans are approved by engineers of urban local bodies and local self-government 
institutions in urban, peri-urban and rural areas, respectively, after confirming that 
they comply with the multi-hazard-resilient building codes to protect the buildings 
from damage or destruction in the event of any disaster or unforeseen extreme event.

Sreevalsa Kolathayar, Inderjit Pal, Siau Chen Chian and Arpita Mondal have 
edited a comprehensive volume of authoritative papers on the risk, vulnerability and 
exposure of communities to multiple hazards and how civil engineering applications 
can assist and facilitate the development processes of sustainable and resilient com-
munities (Kolathayar et al., 2022). It is hoped that the faculty members imparting 
engineering education will incorporate the best practices of disaster risk reduction 
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for designing and developing multi-hazard-resilient building stock and resilient criti-
cal infrastructure, saving lives and protecting assets from damage and collapse in 
disasters and extreme events.

12.2 DISASTER RISK REDUCTION

The United Nations Office for Disaster Risk Reduction (UNDRR) observes that 
“disaster risk reduction (DRR) is aimed at preventing new and reducing existing 
disaster risk and managing residual risk, all of which contribute to strengthen-
ing resilience and therefore to the achievement of sustainable development”. It 
further clarifies that “DRR is the policy objective of disaster risk management, 
and its goals and objectives are defined in disaster risk reduction strategies and 
plans” (UNDRR, 2017). In the earlier years, the International Decade for Natural 
Disaster Reduction (IDNDR) during the 1990s and the International Strategy for 
Disaster Reduction (ISDR) were treating disaster reduction though the emphasis 
shifted to disaster risk management, risk governance and finally to disaster risk 
reduction with the ISDR graduating as the United Nations Office for Disaster Risk 
Reduction (UNDRR), with its head also designated as the Special Representative 
of the Secretary General (SRSG). In the recent years of the 21st century, there 
has been a growing realisation that climate change–induced hydro-meteorological 
disasters are occurring with increasing frequency, creating adverse impacts and 
mounting economic damage. The COVID-19 (SARS Cov-2) global pandemic in 
2020–2024 also exposed the fragility of the public health delivery systems in sev-
eral countries across continents and highlighted the importance of strengthening 
multi-hazard preparedness, disaster risk reduction and emergency response capaci-
ties at the global, regional, national and provincial levels.

12.3 RISK GOVERNANCE

The Global Assessment Report 2022 and the midterm review of the Sendai 
Framework for Disaster Risk Reduction 2015–2030 pointed out the need for strength-
ening the risk governance and improving the skill sets of the stakeholder groups to 
prepare for, respond to and recover from disasters. The Global Assessment Report 
(GAR) Special Report 2023 “Mapping the resilience of the Sustainable Development 
Goals” analysed the resilience deficit across all goals, ensuring the balance between 
People (Social), Planet (Environment) and Prosperity (Economy) (UNDRR, 2023a). 
In the GAR Special Report 2023, Governance refers to “the regimes, arrangements, 
structures, strategies and processes by which rules, laws and policies are agreed 
upon and made, and collective decisions are taken and implemented” (UNDRR, 
2023a). Risk governance continues to be a weak area which needs to be strengthened 
to face disasters, extreme events and climate change.

12.4 UNDRR MIDTERM REVIEW REPORT

The UNDRR’s midterm report on the implementation of the Sendai Framework for 
Disaster Risk Reduction in 2023 observed that
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The UNDRR’s midterm report on the implementation of the Sendai Framework for 
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AuQ1

to accelerate the implementation of the Sendai Framework towards 2030, Member States 
must further commit to the creation of adaptive governance arrangements that support 
vertically and horizontally integrated understanding and management of risks across all 
sectors, domains, scales, and are reflective of the broadened scope of hazards and risks.

(UNDRR, 2023b)

It further suggested that adaptive governance must necessitate “the shift in the locus 
of responsibility and accountability for preventing risk creation and reducing exist-
ing risk, away from a single centralized agency, to coordinated, risk-informed deci-
sion making and investments that involve all stakeholders” (UNDRR, 2023b). The 
increasing frequency of disasters, extreme events and climate change indicate the 
need for a whole-of-society approach for multi-stakeholder engagement to strengthen 
multi-hazard preparedness, risk reduction, emergency response and recovery. Civil 
engineers have an important role in these activities as frugal innovations are required 
to ensure that the building stock and critical infrastructure and lifeline infrastructure 
are built to withstand high-impact disasters and reduce the loss of lives, disruption of 
livelihoods and the mounting economic damage caused by disasters.

12.5 � CIVIL ENGINEERING APPLICATIONS 
IN GEOLOGICAL DISASTERS

The building stock and critical infrastructure such as roads, flyovers, dams, electri-
cal installations, water supply installations, telecommunication infrastructure, air-
ports and railway stations, etc. are damaged and destroyed by geological disasters 
such as earthquakes, tsunamis, landslides, volcanic eruptions, etc. Multi-hazard risk 
identification and risk assessment will help in preparing risk reduction plans and 
mitigation efforts to safeguard the building stock and critical infrastructure from 
collapse, damage and destruction.

Rapid visual screening (RVS) is a methodology adopted to analyse the structural 
safety of buildings to withstand earthquakes of high magnitudes. Non-destructive 
testing can also be undertaken to explore the structural integrity of buildings to with-
stand earthquakes of severe intensity. Base isolation techniques are also adopted to 
strengthen the multi-hazard resilience of multi-storied buildings. Micro-zonation is 
carried out to understand the risk and vulnerability of cities to earthquakes.

12.6 � CIVIL ENGINEERING APPLICATIONS IN 
HYDRO-METEOROLOGICAL DISASTERS

Houses, government offices, critical infrastructure, public infrastructure and life-
line structures such as hospitals, schools, colleges, university buildings and utili-
ties of essential services such as power, water supply, telecommunications, fire and 
emergency services, etc. can get adversely affected when hydro-meteorological 
disasters such as floods, cyclones, cloud bursts and extreme events happen. In 
cyclone-prone areas, civil engineers have successfully demonstrated that tying the 
roofs to the lintel beams and walls with braces will be able to save the thatched 
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and tiled roofs from being blown away in high windspeeds. Ensuring slope stabil-
ity with vetiver grass and planting saplings in discarded rubber tyres on unsta-
ble slopes have been found to prevent soil runoff and soil erosion (Meena and 
Chatterjee, 2023). Paving roads and pavements with natural fibres such as jute, 
recycled plastic, etc. have also been useful as frugal innovations. In flood-prone 
areas, civil engineers construct embankments, canals and culverts to regulate the 
flow of water so that they do not inundate human settlements and damage houses 
and crops through submergence.

12.7  CRITICAL INFRASTRUCTURE PROTECTION

Critical infrastructure protection is an integral component of disaster risk reduction 
approaches as the uninterrupted functioning of critical infrastructure such as power, 
water supply, dams, telecommunications and transport infrastructure and lifeline 
infrastructure such as hospitals, emergency operations centres (EOCs), fire stations, 
etc. is mission critical in disasters and extreme events. Critical infrastructure protec-
tion must be the core of any risk governance framework. Governments must design, 
develop and implement appropriate risk transfer instruments such as insurance, 
reinsurance and risk pool funds with the collaboration of the international financial 
institutions and Fortune 500 companies. Large numbers of electric lamp posts fall 
down and disrupt power supply during cyclones. The phasing out of electric lamp 
posts and putting the power distribution network underground has been proposed 
like the fibre-optic cables which are laid underground in most cities for establishing 
a telecommunication network which can withstand the adverse impact of disasters 
and extreme events.

12.8 � PROTECTION OF LIFELINE STRUCTURES 
AND SOCIAL INFRASTRUCTURE

The structural safety of lifeline structures such as hospitals, schools and government 
offices must be assessed by civil engineers, structural engineers and geo-technical 
engineers in earthquake-prone areas. Bridges, flyovers, dams, airports and railway 
stations must also be assessed for their ability to withstand earthquakes of high mag-
nitudes. The Bureau of Indian Standards (BIS) has formulated the NBC and sev-
eral safety regulations to ensure the protection of lifeline structures in hazard-prone 
areas.

12.9 � SAFETY AUDIT OF EXISTING BUILDING 
STOCK AND SOCIAL INFRASTRUCTURE

In India, the National Disaster Management Authority (NDMA) of the Government 
of India had launched a National School Safety Project in high-risk districts which 
are prone to earthquakes. Rapid visual screening of the selected school buildings 
were conducted, and efforts were made to carry out seismic strengthening and retro-
fitting of vulnerable school buildings.
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12.10  RETROFITTING AND SEISMIC STRENGTHENING

Vulnerable buildings and lifeline structures in earthquake-prone areas can be assessed 
for their structural integrity, and seismic strengthening and retrofitting can be under-
taken by trained civil engineers. The techniques and standards for seismic strengthen-
ing and retrofitting are also disseminated to civil engineers, builders and contractors 
through training programmes for improving their knowledge and skills to make the 
buildings resilient to geological and hydro-meteorological hazards.

12.11  NON-DESTRUCTIVE TESTING

In the case of aging structures, the seismic strengthening and retrofitting can be car-
ried out after ascertaining the structural integrity of the building to withstand high-
magnitude earthquakes by carrying out non-destructive testing.

12.12  SEISMIC MICROZONATION

According to Sitharam, James and Kolathayar, seismic microzonation or

Seismic Zonation is a process of dividing a large region into small zones based on the 
expected level of earthquake hazard. Seismic zonation helps to identify vulnerable 
regions and also provide necessary outputs for the earthquake resistant design. Hence 
it is very much required in the modern world in order to minimise the casualty and 
economic losses during an earthquake.

(Sitharam et al., 2018)

The authors observe that

the basis of seismic zonation is to model the rupture mechanism at the source of an 
earthquake, evaluate the propagation of waves through the earth to the top of the bed-
rock, determine the effects of local soil profile and thus develop a hazard map indicat-
ing the vulnerability of the area to potentials seismic hazards.

(Sitharam et al., 2018)

They describe the findings of seismic zonation of the Kalpakkam Nuclear Power Plant 
(NPP) site, Jabalpur, Delhi, Sikkim Himalaya and Guwahati, Bangalore, etc. and 
explain the local site effects and liquefaction susceptibility, etc. (Sitharam et al., 2018).

12.13 � MONITORING DEFORMATIONS IN 
CRITICAL INFRASTRUCTURE

The deformations in critical infrastructure can be monitored through Interferometric 
Synthetic Aperture Radar (InSAR), Differential Interferometric Synthetic Aperture 
Radar (DinSAR) and Persistent Scatterer Interferometric Synthetic Aperture Radar 
(PSinSAR), and risk reduction and mitigation efforts initiated by civil engineers, 
structural engineers and geo-technical engineers. The deformations before, during 
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and after disasters can help in strengthening the preparedness for, response to and 
recovery from disasters and extreme events. Satellite imagery and remote sens-
ing can help in identifying vulnerable structures such as buildings and heritage 
monuments which may be facing the risk of collapse, subsidence, etc., along with 
PSinSAR, DinSAR and InSAR assisted investigations and analysis. The subsidence 
of Joshimath in Uttarakhand was observed through PSinSAR technique by research-
ers of the Indian Institute of Technology (IIT) Ropar, Punjab and also confirmed by 
the Indian Space Research Organisation (ISRO).

12.14  BASE ISOLATION

Base isolation techniques are applied by placing flexible bearings or pads made with 
layers of rubber and lead in the foundations to protect the super-structures of multi-
storied buildings in earthquake-prone areas. The base isolators are dampers which 
dissipate the impact of earthquakes by cushioning the structure from swaying and 
collapsing in the event of an earthquake. Elastomeric pads, sliding plates or inverted 
pendulums are used as base isolators. An overview of the practice of applications of 
energy dissipation systems for seismic strengthening is provided with specific use 
cases in Symans et al. (Symans et al., 2008).

12.15  DRR IN ENGINEERING EDUCATION

In the education of civil engineers, structural engineers and geo-technical engineers, 
there is a critical imperative for incorporating DRR techniques and processes, as 
the building stock and critical infrastructure in developed countries and developing 
countries are expanding at a very rapid pace. Most countries are facing the dynamic 
pressures of increasing trends in urbanisation accompanied by the creation of large 
real estate building stock and critical infrastructure. The faculty members and 
students of engineering colleges and technical institutions must be equipped with 
the knowledge, tools and techniques of multi-hazard-resilient construction prac-
tices. In India, the Government of India had launched two flagship projects called 
the National Programme for Capacity Building of Engineers in Earthquake Risk 
Management (NPCBEERM) and the National Programme for Capacity Building 
for Architects in Earthquake Risk Management (NPCBAERM) and trained large 
numbers of engineers and architects.

12.16  FOG CATCHERS FOR WATER CONSERVATION

Many countries are facing the rapid decline of groundwater tables because of the 
indiscriminate extraction of groundwater through borewells, hand pipes, etc., even 
drilling for water by exploding rocks with dynamite. Water tankers are providing 
even drinking water in cities which are facing acute water shortage and the drying 
up of groundwater aquifers. Fog catchers in Peru and Morocco have received global 
attention by harvesting water from fog by putting up large numbers of vertical mesh 
nets to induce water droplets to flow into a trough for distributing further to human 
settlements.
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12.17  ICE STUPAS IN LADAKH, INDIA

The innovations of Sonam Wangchuk to conserve the water in snow glaciers during 
the winter months by constructing ice stupas in Ladakh have helped the farmers 
in several villages to get water for irrigating their agricultural fields in the sum-
mer months. As climate change threatens the lives and livelihoods of farmers, and 
while glacier melting in the Himalayas has raised several concerns, such innova-
tions need to be studied and replicated in countries facing inclement weather with 
very heavy snowfall and the availability of glacial lakes. Sonam Wangchuk had also 
helped the release of water from glacial lakes by puncturing the moraines to prevent 
the collapse of glacial lakes and sudden-onset glacial lake outburst floods (GLOFs). 
These frugal innovations help in saving lives, protecting livelihoods and safeguard-
ing assets in disaster-prone areas.

12.18  RAPID VISUAL SCREENING

In the United States, the Federal Emergency Management Agency (FEMA) pub-
lished in 1988 the methodology for assessing the structural integrity of buildings 
through a Handbook on Rapid Visual Screening of Buildings for Potential Seismic 
Hazards (FEMA, 1988a) and Supporting Documentation (FEMA, 1988b) with the 
support of the Appropriate Technology Council, which have been revised through 
several editions in 2002 and 2015 (FEMA, 2002a, 2002b, 2015a, 2015b). The rapid 
visual screening (RVS) methodology evaluates the structural integrity and seismic 
safety of a large stock of buildings rapidly at low cost with minimal access to the 
buildings and without resorting to non-destructive testing, etc. The RVS methodol-
ogy was envisaged to identify weak structures that needed more detailed testing to 
determine the need for seismic strengthening and retrofitting. This approach was 
essential in the case of protecting critical infrastructure and public infrastructure 
such as hospitals, schools, government buildings, etc.

The National Disaster Management Authority (NDMA), Government of India 
also published a Primer on Rapid Visual Screening in October 2020 (NDMA, 2020).

12.19  GOOD PRACTICE DOCUMENTATION

There is an increasing urgency for documenting the good practices of civil engineer-
ing applications for disaster risk reduction and for widely disseminating the same for 
creating greater public awareness among stakeholder groups. The experience-sharing 
interactions among civil engineers, structural engineers, geo-technical engineers, archi-
tects, builders and contractors will be helpful in ensuring that the building stock and 
critical infrastructure are constructed to withstand the adverse impact of disasters. The 
National Disaster Management Authority (NDMA), Government of India has formu-
lated several National Disaster Management Guidelines for earthquakes, tsunamis, 
floods, urban flooding, cyclones, landslides, etc., and these guidelines highlight the need 
for ensuring that disaster risk reduction is integrated into the creation and development 
of multi-hazard-resilient building stock and resilient critical infrastructure for which 
civil engineers have a very prominent role in developed and developing countries.
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Towards Net-Zero 
Carbon Emissions
Embracing Sustainability 
in the Construction 
Industry through Recycled 
Concrete Aggregates

Jagdish H Godihal

13.1  INTRODUCTION: BACKGROUND AND DRIVING FORCES

In today’s era, the construction and demolition (C&D) sector confronts a monu-
mental challenge annually generating an astounding 890 million tonnes of waste 
in Europe alone. This staggering figure highlights the urgency of our collective 
responsibility to address the environmental impact of such practices. Alarming sta-
tistics reveal that approximately 42% of Australia’s waste stream is intertwined with 
construction and demolition waste (C&DW), out of which concrete waste consti-
tutes a staggering 81%. These patterns are mirrored globally, with Hong Kong and 
Japan contributing 38% and 16% of their total waste outputs to C&DW, respectively 
(Tam et al., 2010). Equally concerning is the report indicating that in the United 
States, the year 2017 witnessed the generation of an overwhelming 569 million 
tonnes of C&DW. The issue extends beyond continents, as even South Africa grap-
ples with the menace, with C&DW comprising 21% of its overall waste composition 
(Ghanbari et al., 2017).

As we confront the paradox of waste proliferation amid a voracious demand 
for new construction, it becomes apparent that transformative measures are essen-
tial. Remarkably, while construction activities churn out this waste, the industry 
extracts a colossal three billion tons of raw materials annually for manufacturing 
construction materials. Thus, the clarion call for sustainability resonates louder 
than ever. It becomes not just an option but an imperative to incorporate waste 
materials into construction endeavors, aligning with a more sustainable trajectory 
(Muzenda, 2014).

Distinct strategies emerge across different nations to curb waste generation and 
foster reuse. Hong Kong, for instance, spearheads the effort through its Construction 
Waste Disposal Charging Scheme (CWDCS), targeting the pervasive issue of illegal 
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dumping. Noteworthy strides are made on a global scale, with recycling plants 
boasting capacities ranging from 1,500 to 3,500 tonnes/day in the United States 
and Europe, making use of cutting-edge technologies and sophisticated recycling 
machinery for C&DW. In countries with fewer resources, a pragmatic approach 
surfaces in the form of mobile recycling plants. This innovative solution, with a 
recycling capacity of 800 tonnes/day, seamlessly shifts to demolition sites, under-
scoring its economic viability (Mak et al., 2019).

The intricacies of the issue are highlighted by India, where the dissonance 
between waste generation and recycling capacity is stark. Astonishingly, the country 
produces an estimated 150 million tonnes of C&DW annually, yet its official recy-
cling capacity stands at a mere 6,500 tonnes per day—amounting to a mere fraction 
of the waste generated. A disconcerting reality emerges as we observe the disparity 
between projections and actions, with only 13 out of the expected 53 cities in India 
having established recycling facilities for C&DW by the year 2020 (BBMP, 2016). 
This incongruity underscores the intricate challenges of aligning intent with action, 
demanding more concerted efforts from all quarters. In this pursuit of sustainability 
and carbon neutrality, the construction industry stands at a critical juncture. The 
mission to embrace recycled concrete aggregates and optimize waste management 
practices beckons as a transformative imperative.

The construction industry’s urgent need for sustainable practices is under-
scored by its significant contribution to C&DW. This chapter focuses on India, 
where urban areas witness considerable C&DW, primarily composed of concrete, 
which presents a valuable opportunity for recycling into recycled concrete aggre-
gates (RCA). Emphasizing the advantages of RCA utilisation, the chapter high-
lights increased protection against seepage, reduced costs through the elimination 
of mining, diminished environmental impact, and enhanced appeal to governments 
and customers. Notably, the use of RCA preserves crucial natural resources like 
gravel, water, coal, and oil while minimizing landfill space wastage. Comparing the 
environmental impact of natural aggregates involving land excavation and resource 
extraction, the chapter highlights that recycled aggregates offer a more sustain-
able option. The extraction and processing of natural materials adversely affect the 
environment, causing soil degradation, water scarcity, biodiversity loss, ecosystem 
damage, and contributing to global warming. Recycled aggregates prove economi-
cally viable by presenting a nearly 40% lower long-term cost per ton of coarse RCA 
compared to coarse natural aggregate. Furthermore, the environmental benefits of 
RCA are approximately 97% higher. Promoting the commercial production of RCA 
from waste concrete emerges as an imperative and cost-effective solution for the 
construction industry.

The chapter further investigates (C&DW) management practices at national 
and international levels. Utilising Autodesk Green Building Studio, the analysis 
of carbon emissions from clay brick and concrete masonry buildings underscores 
the environmental and cost benefits of recycling C&DW with recycled aggregates. 
Project managers and decision-makers must comprehend the cost-benefit dynam-
ics of C&DW management to foster effective waste management plans. The chap-
ter focuses on a case study of Bengaluru, India’s fifth-largest metropolitan city, 
renowned as the ‘Silicon Valley’ for its tech-driven growth. By examining the city’s 
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C&DW management, the study uncovers that the official estimate of 4000–4250 
tonnes/day by the Bruhat Bengaluru Mahanagara Palike (BBMP) underestimates 
the actual waste generated due to extensive development efforts by government 
and private developers. It provides insights into the practicality and environmen-
tal relevance of employing RCA in construction. With a remarkable 22.32% cost 
decrease compared to natural aggregates, this approach proves instrumental in cre-
ating an eco-friendly construction industry that addresses the growing challenges 
of sustainable waste management. The construction industry’s environmental foot-
print is a pressing concern, making the transition toward net-zero carbon emissions 
imperative.

13.2 � THE TRANSFORMATION OF RECYCLED 
CONCRETE AGGREGATES (RCA) INTO 
SUSTAINABLE CONSTRUCTION MATERIALS

This is a critical step in realizing the potential of circular economy principles and 
achieving net-zero carbon emissions. This section explores the conversion processes 
and their impact on the environment, economy, and social dimensions.

Conversion Processes:

1.	 Crushing and Grading: The initial step involves crushing the recycled 
concrete into various sizes, depending on the intended application. Proper 
grading ensures that the resulting aggregates meet specific performance 
requirements.

2.	 Cleaning and Removal of Contaminants: Contaminants such as residual 
mortar, paints, or other construction debris are removed through mechani-
cal or chemical processes. Effective cleaning enhances the quality and per-
formance of the resulting material.

3.	 Mix Design Optimization: Designing concrete mixtures that accommo-
date the properties of RCA is essential. Adjustments in water-cement ratio, 
admixture usage, and aggregate proportions contribute to achieving the 
desired structural and durability characteristics.

4.	 Admixture Utilization: Incorporating chemical admixtures can enhance 
the workability, strength, and durability of concrete containing RCA. 
Admixtures also mitigate the potential negative effects of impurities in the 
recycled material.

Environmental Impact:

•	 Positive Impact: The conversion of RCA into sustainable construction 
materials reduces the demand for virgin aggregates, thereby lessen-
ing the environmental degradation caused by quarrying and resource 
extraction.

•	 Energy Savings: The use of recycled materials requires less energy com-
pared to processing virgin aggregates, resulting in reduced carbon emis-
sions and overall energy consumption.
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Economic Factors:

•	 Cost Savings: Utilizing RCA as a sustainable material can lead to cost sav-
ings due to reduced material acquisition and disposal fees.

•	 Market Stabilization: Wider adoption of RCA can influence aggregate 
prices by stabilizing supply-demand dynamics and potentially lowering 
costs.

Social Aspects:

•	 Job Creation: The recycling process, along with the increased demand for 
sustainable construction materials, can contribute to job creation in recy-
cling facilities, construction sites, and related sectors.

•	 Community Engagement: The integration of recycled materials reflects a 
commitment to environmental stewardship, enhancing a construction com-
pany’s reputation and engaging the local community.

Challenges:

•	 Quality Control: Ensuring consistent quality of recycled aggregates poses 
challenges due to variations in input materials and processing methods.

•	 Perception and Acceptance: Some stakeholders might be cautious about using 
recycled materials due to concerns about structural integrity and durability.

The conversion of RCA into sustainable construction materials holds promise in 
aligning with environmental, economic, and social goals. By adopting efficient pro-
cessing methods and addressing challenges, the construction industry can capitalize 
on the benefits of utilizing RCA, contributing to a more sustainable and responsible 
built environment.

13.3  OBJECTIVES AND METHODOLOGY

The foremost aims of the study encompass an in-depth exploration of the prevailing 
landscape and patterns in international and domestic construction and demolition 
practices. Concurrently, the study embarks on a comprehensive investigation into the 
far-reaching ramifications of C&DW on both the environment and the social fab-
ric, as elucidated through a meticulous review of existing literature. The procedural 
framework guiding this inquiry finds its elucidation in Figure 13.1. The methodology 
involves a case study in Bengaluru, where data on construction waste generation and 
carbon emissions are collected.

13.4  GLOBAL C&D WASTE MANAGEMENT LANDSCAPE

The predicament of managing waste stemming from construction and demolition 
activities has, undoubtedly, assumed global proportions. Countries of considerable 
magnitude, including the likes of the USA, Australia, and China, have embarked on 
multifaceted strategies to grapple with this multifarious issue. The relentless march 
of urbanization invariably fuels an upsurge in construction undertakings, inevita-
bly leading to a dual effect: the voracious consumption of raw materials and the 
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concurrent emergence of copious C&D waste. An illustrative example lies in China, 
where the staggering magnitude of C&D waste generation oscillates between 1.6 
to 2.5 billion tonnes (Di Maria et al., 2018). In a parallel narrative, Brazil contrib-
utes to this global challenge, amassing approximately 100 million tonnes of C&D 
waste. Regrettably, a substantial fraction of this waste is relegated to unsanctioned 
spaces—the fringes of sidewalks, roadsides, canals, and lakes—where the envi-
ronment suffers dire consequences due to these unauthorized disposal practices 
(Rosado et al., 2019).

13.5  NATIONAL DYNAMICS OF C&D WASTE

Within the borders of India, the narrative of C&D waste echoes a dynamic strain 
of challenges. The country bears witness to an annual generation of C&D waste 
encompassing a spectrum of 112 to 431 million tonnes. Intriguingly, a significant 
revelation emerges: a mere fraction of the anticipated 53 cities were poised to usher 
in recycling facilities to recuperate materials from C&D waste by the year 2017. 
However, reality paints a different canvas, as a mere 13 cities have managed to trans-
late this aspiration into action by the year 2020 (Jain et al., 2018). The landscape is 
further punctuated by rising transportation costs, a direct consequence of inadequate 
recycling plant infrastructure. Moreover, the extensive traversal of materials like fly 
ash and M sand precipitates the emission of CO2. Illuminating this quandary, the 
Building Material Promotion Council casts light on an alarming figure—a recycling 
capacity of a meager 6,500 tonnes per day, constituting a paltry percentile. As this 
narrative unravels across the diverse cities of India, Figure 13.2 offers a graphic por-
trayal of the varying degrees of C&D waste generation.
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FIGURE 13.1  Methodology adopted for the study.
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FIGURE 13.3  C&D waste composition in India.
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According to Figure 13.2, the urban landscapes of Chennai and Mumbai emerge 
as prolific generators of debris, whereas Bhopal stands as the exception with the least 
contribution to this predicament. Within this spectrum, the bustling city of Bengaluru 
asserts its presence, contributing a formidable 2200 tonnes of waste daily. Further 
insight into the composition of this C&D waste reveals an intricate tapestry. As delin-
eated by the Bruhat Bengaluru Mahanagara Palike (BBMP), the constituent elements 
of this waste exhibit a nuanced distribution. Soil, sand, and gravel coalesce to form 
a substantial portion, representing 35% of the composition, while materials such as 
bitumen, wood, and metal emerge as minor players in the broader context of the data 
provided. To encapsulate this vivid mosaic, Figure 13.3 casts light on the array of C&D 
waste constituent materials, providing a visual representation of their proportions.

13.6  CASE STUDY: C&D WASTE MANAGEMENT IN BENGALURU

Nestled within the urban fabric of India, Bengaluru, the country’s fifth-largest metrop-
olis, holds the distinguished moniker of ‘Silicon Valley’ due to its pivotal role in nur-
turing the growth of information technology enterprises. In the intricate dance of civic 
and infrastructural management, the Bruhat Bengaluru Mahanagara Palike (BBMP) 
emerges as the custodian, steering the course of progress through its dedicated council. 
Intriguingly, the narrative takes on new dimensions as we delve into the realm of C&D 
waste management, bearing relevance in the context of Bengaluru’s urban sprawl. The 
intricate web of statistics weaves itself into Figure 13.4, vividly portraying the mag-
nitude of C&D waste production each day within Bengaluru’s bustling confines. This 
city’s tale serves as an emblematic microcosm, unveiling the complexities and nuances 
that underscore the broader discourse on waste management.

The Bangalore Development Authority (BDA) is in charge of the city’s major 
planning and zoning regulations. The information was gathered from several case 
studies on the BBMP website. The waste is projected to be 2500–3500 tonnes per 
day, according to numerous case studies conducted by various firms. Table 13.1 
shows the C&D waste generation by activity.
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The mantle of overseeing the city’s pivotal planning and zoning regulations rests 
upon the BDA. Drawing from a tapestry of case studies found on the BBMP website, 
a comprehensive repository of information was curated. Within this wealth of data, 
a prevailing pattern surfaces, projecting daily waste generation ranging from 2500 
to 3500 tonnes, as evidenced by a multitude of case studies orchestrated by diverse 
firms. Navigating this labyrinth of statistics, Table 13.1 comes to the fore, delineating 
the spectrum of C&D waste generation classified by distinct activities. In this table, 
a nuanced narrative unfolds, illuminating the differential contributions of various 
undertakings to the tapestry of waste creation.

13.6.1  Present Designated BBMP Disposal Sites in Bengaluru

Within the dynamic landscape of Bengaluru, the generation of waste emerges 
as a quantifiable yet multifaceted phenomenon. A precise depiction of this sce-
nario is revealed through distinct metrics: for every square meter of construction,  
40 kilograms of waste emerge; in the realm of renovation, this figure amplifies to 
50 kilograms for every cubic meter; meanwhile, the process of demolition begets a 
substantial 450 kilograms of debris for every cubic meter. These numerical insights, 
akin to brushstrokes on a canvas, contribute to the vivid portrait of waste generation 
that paints the city’s ever-evolving urban panorama.

The intricate choreography of managing C&D waste across Bengaluru unfolds 
against the backdrop of specifically designated disposal sites. These sites serve as 
vital conduits for channeling waste generated from all four distinct zones of the city. 
As orchestrated by the BBMP, a meticulous blueprint guides this process, steer-
ing the C&D waste towards eight predetermined dumping sites. This orchestration 
of waste management takes tangible form within Table 13.2, an illustrative canvas 
that unveils the geography of these eight disposal sites in Bengaluru. With each site 
endowed with its capacity and status, this table provides a snapshot of its utilization 
within the present context, painting a vivid picture of the city’s waste management 
infrastructure.

In Bengaluru, the landscape of disposal sites is marked by the operational 
presence of Mallasandra and Srinivasapura. These two sites stand as active play-
ers within the city’s waste management orchestration, serving as conduits for the 
deposition of C&D waste. In contrast, the other disposal sites remain dormant, 
their silence echoing the absence of C&D waste being directed towards them. 
Within this tableau, Mallasandra unfolds across an expanse of 30 acres, while 

TABLE 13.1 
C&DW Generation by Activity

Activity Rate of Generation (waste/area)
Construction 40 Kg/m2

Repair 50 Kg/m2

Demolition 450 Kg/m2
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the Srinivasapura site occupies a more modest 10-acre terrain. These figures 
provide spatial context to the operational areas of these disposal sites, contribut-
ing to the broader understanding of Bengaluru’s efforts in managing its waste 
landscape.

13.6.2 S tone-Crushing Units (SCUs) in Bengaluru

Beyond the urban pulse of Bengaluru, a distinctive facet of the city’s landscape 
emerges in the form of stone-crushing units (SCUs). These units, situated on the 
outskirts, are integral players in the dynamics of the region. The stage is set within 
Table 13.3, a comprehensive enumeration of these SCUS that dot the periphery of 
the city.

In this tabulated narrative, a spectrum of names comes to life, each associated 
with a distinct crushing capacity. Vinayaka Stone Crushers and Rock Crystals stand 
as towering entities, boasting a formidable crushing capacity of 1000 tonnes per day. 
In contrast, Aishwarya Stone Crushers and Proman Infrastructure tread a more mod-
est path, each equipped with a capacity of under 1000 tonnes per day. These figures 
paint a vivid picture of the operational landscape of SCUs in Bengaluru’s periphery, 
revealing their unique roles in the city’s trajectory.

TABLE 13.2 
Active and Inactive Disposal Sites in Bengaluru

Sl. 
No.

Name of the
Site

Area in
Acres Nearby Zone Status

1 Mallasandra 30 R.R. Nagar/West Active

2 Kadu Agrahara 18 Mahadevpura Inactive

3 Srinivasapura and Kogilu 10 Yelahanka Active

4 Gollahalli 60 Bommanahalli and South Inactive

5 Kannur 50 East Inactive

6 Guddadahalli 46 Dasarahalli Inactive

7 Mittaganahall 10 East/Mahadevpura Inactive

TABLE 13.3 
List of Some SCUs Present in Bengaluru

Name of SCU Tons/Day Location

Vinayaka Stone Crushers 1000 Magadi Road (West Bengaluru)

Rock Crystals 1000 (Currently operating 
at 10% of its capacity)

Chikkajala, Bengaluru

Aishwarya Stone Crushers <1000 Kumbalgodu area, Mysore Road

Proman Infrastructure Services Pvt. Ltd. <1000 Bidadi, Bengaluru
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13.6.3 �E nergy Analysis Employing Revit 2020.2 and 
Autodesk Green Building Studio

The synergy of Revit 2020.2 and Autodesk Green Building Studio (GBS) culmi-
nates in a sophisticated energy analysis paradigm. Revit functions as an orchestrator, 
harmonizing project outputs and assimilating diverse data streams, encompassing 
computer-aided design (CAD) inputs. The present study has been carried out using 
Revit 2020.2, which undertook the creation of architectural blueprints spanning 
dimensions both imperial (30’ x 40’) and metric (3m x 4m). The design genesis 
mandates the incipient generation of a bespoke project file, followed by the pivotal 
decision of adopting either metric or imperial measurement units. The meticulous 
edifice assembly entails judicious selections: foremost, a choice amongst archi-
tectural wall types, trailed by a granular delineation of material composition and 
dimensions. Further configuration emerges from architectural floor menus, instating 
dimensionality and specifying material attributes. Roof genesis unfolds upon ventur-
ing into the roof module, encompassing material preference, area demarcation, and 
the pivotal designation of default material typology. Material attributes and dimen-
sions attain formal articulation through the window settings, setting the stage for 
analytical profundity.

Navigating into the analysis continuum, one traverses the energy optimization 
domain. The acme of this architectural tango is embodied by the initiation of an 
energy analytical model, realized via the “create energy analytical model” prompt. 
This multifaceted orchestration culminates with the curation of an energy analysis 
file, elegantly transcribed into the gbXML format.

13.6.4 �E nergy Analysis (Carbon Emissions) within 
Autodesk Green Building Studio

The saga of energy analysis unfurls seamlessly into Autodesk GBS, casting this ana-
lytical pursuit in a broader arena. The preceding groundwork, scribed with precision 
within Revit 2020.2, furnishes the blueprint for the energy analysis model, delin-
eating its appellation, edifice typology, and temporal framework (Autodesk Green 
Building Studio User Guide, 2023).

Within the tapestry of GBS, the commencement of a novel project eventuates 
after the architectural inception etched by Revit. Herein, the geospatial connota-
tion assumes significance, leading to the formal instantiation of the project canvas. 
Integration of the Revit gbXML artifact transpires within the interface’s actions 
nexus, culminating in the triggering of consequential outcomes via file execution.

13.6.5 E nergy Analysis Findings for the 30' x 40' Blueprint

The denouement of this discourse rests upon the revelation of energy analysis find-
ings for an architectural magnum opus spanning dimensions of 30 feet by 40 feet. 
This chapter pivots upon the exposition of estimated CO2 emissions inherently 
embedded within the design ethos, concurrently unearthing the latent potential for 
attaining carbon neutrality.



Towards Net-Zero Carbon Emissions 233

The sculpted insights emanating from Autodesk GBS spotlight a remarkable dis-
course. Within a concrete block manifestation of the 30’x40’ paradigm, a prodigious 
deduction of net CO2 emissions materializes at −10.3 tonnes, as elegantly encapsulated 
by Figure 13.5. In parallel, the clay brick variant advances an even more conscientious 
environmental narrative, portraying net CO2 emissions at an astonishing −13.2 tonnes, 
vividly depicted by Figure 13.6.

This data highlights the pre-existing CO2 emissions in the absence of design inter-
ventions or elements aimed at curtailing carbon output, like the integration of renew-
able energy sources. In specific cases, the concrete material exhibits a prospective 
for on-site carbon reduction, measured at −21.7 tonnes for concrete and −22.6 tonnes 
for clay brick. This negative value underscores the potential for eliminating carbon 
emissions by adopting renewable energy solutions instead of traditional utility-based 
electricity sources. Moreover, an intriguing facet emerges through the concept of nat-
ural ventilation potential, which showcases the carbon offset achievable by leverag-
ing natural cooling methods, thereby circumventing electricity-intensive mechanical 
cooling systems. For instance, concrete holds a natural ventilation potential of −0.6 
tonnes, whereas clay brick surpasses this with −1.5 tonnes of potential carbon reduc-
tion. The integration of on-site biofuels introduces yet another avenue for carbon miti-
gation, elucidated by the negative values of −7.0 tonnes for concrete and −2.7 tonnes 
for clay brick. This articulates the tangible environmental advantage attainable by 

FIGURE 13.5 Net carbon emissions for concrete blocks.
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substituting traditional fossil fuel sources like natural gas, fuel oil, or propane with 
on-site biofuels.

A study conducted by Marian Sabau et al. in 2021 underscores the role of recy-
cling aggregates in diminishing CO2 emissions. Their investigation encompasses 
diverse mix proportions denoted by labels A, B, C, and D, each evaluated for dis-
tinct concrete properties. Among these, scenario A emerges as the exemplar, with 
the composition C75-S25-RA100-L-F22 (75% cement, supplementary cementitious 
material, 100% recycled aggregates). The study highlights that the transition from 
RCA to natural concrete aggregates (NCA) at varying percentages and the incorpo-
ration of supplementary cementitious materials (SCM) have significant implications 
on global warming potential (GWP), quantified at 3,308 kgCO2 for certain scenarios.

13.7 UNVEILING THE ENVIRONMENTAL IMPLICATIONS

Within the intricate tapestry of C&D waste, a diverse array of materials emerges, 
each with its unique journey of impact on the environment. Segregation and redi-
rection for reuse/recycling are the tenets that govern materials like metals, wood, 
glass, and plastics, effectively minimizing their environmental footprint. However, a 
starkly different narrative emerges for C&D debris encompassing concrete, bricks, 
and tiles, which frequently end up in landfills, triggering a cascade of adverse effects 

FIGURE 13.6 Net carbon emissions for clay bricks.
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upon the environment. Under the scrutiny of life-cycle assessment (LCA) stud-
ies, a resounding verdict resonates—recycling emerges as the preferred pathway. 
Nevertheless, it’s pertinent to note that the environmental credits accrued from these 
studies are primarily attributed to the recycling of metals and wood, leaving a gap in 
our understanding of the broader environmental implications of C&D debris recy-
cling. The act of landfilling C&D debris casts a shadow of environmental impacts 
while recycling scenarios manifest environmental benefits (Ram et al., 2020).

Delving further, the intricate dance of environmental and geochemical impacts of 
RCA production surfaces, replete with insights that mirror the profound influences 
of cement content, aggregate production, transportation, and waste landfills. A sensi-
tivity study, painting with a palette of SCM and varying ratios of natural-to-recycled 
aggregate content, unveils nuanced findings. A spectrum of carbon emissions, rang-
ing from 323 to 332 kgCO2 per cubic meter, emerges for cement-only NCA. Notably, 
this exploration highlights that RCA, endowed with strength akin to structural mem-
bers, can eclipse conventional concrete in terms of lower carbon emissions. This rev-
elation underscores their potential as an alternative to achieve global sustainability 
benchmarks in construction (Sabău et al., 2021).

A field study further adds texture to this evolving narrative, unfurling the energy 
consumption trajectories associated with the production of NCA and RCA. The 
energy consumed to produce one tonne of NCA and RCA is charted at 21,112 KJ/
tonne and 16,178 KJ/tonne, respectively. The promise of RCA shines through, with 
a notable 30.5% reduction in energy consumption compared to NCA. A sensitiv-
ity analysis deepens our understanding, establishing that the energy consumed to 
produce RCA remains lower than that of NCA within a maximum distance of 13.5 
km. As the spotlight falls on machinery-involved diesel consumption, an intriguing 
dimension emerges—cost savings complement the prospects of RCA usage (Ittyeipe 
et al., 2020).

13.8  REVELATION OF SOCIETAL IMPLICATIONS

The resonance of C&D activities reverberates beyond the realm of mere waste gen-
eration, casting its shadow upon both the environment and human lives. Within this 
expansive tapestry, a jarring truth takes shape—C&D waste contributes to a stag-
gering 20% to 30% of total solid waste globally, with concrete and masonry consti-
tuting a dominant 70% to 80%. The implications are profound, demanding that the 
management of C&D waste ascend as a linchpin in cultivating a sustainable environ-
ment. Amidst the backdrop of population surges and economic strides, catalyzed by 
re-development endeavors, India’s construction sector has burgeoned. This transfor-
mation has been accompanied by the surge of urbanization and industrialization. 
However, the silver lining is juxtaposed with environmental challenges stemming 
from the escalating tide of C&D waste. Amidst these complexities, the study of C&D 
waste’s environmental impacts emerges as a pivotal endeavor, delving into the chal-
lenges and prospective solutions in India’s urban solid waste management landscape 
(Shen et al., 2004; Gayakwad and Sasane, 2015).

The potential of C&D waste doesn’t end with its challenges; it extends into a vista of 
possibilities. The reclamation of this waste for low-compressive strength applications, 
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such as footpaths and roadside kerbs, harbours the promise to channel 215,000 tonnes 
of C&D waste, simultaneously circumventing AUD11.8 million in landfill charges, as 
proposed by the Australia Council. The horizon broadens further, envisioning a new 
era of RCA with high compressive strength, a prospect that could redefine the con-
struction landscape. The forecasted surge of residential housing projects, estimated to 
require around 380,000 m3 of concrete, opens up the potential to divert half a million 
tonnes of C&D waste from landfills, should this innovative approach find traction.

The tale of structural performance gains depth with the emergence of 100% RCA, 
fortified by a 10% infusion of fly ash, boasting a robust compressive strength of 40 
MPa—a clear indicator of its potential application in high-strength concrete forma-
tions (Shaikh et al., 2019). The implications cascade further, proposing the creation 
of approximately 13 recycling companies in Perth, each with the potential to convert 
around 0.87 million tonnes of C&D waste into recycled aggregates for both high- 
and low-compressive applications. In this act of transformation, employment oppor-
tunities burgeon, potentially engaging around 40 western Australians annually. This 
narrative paints a picture of transformation beyond waste—a prospect of sustainable 
growth, societal impact, and environmental harmony.

13.9  DISCUSSION

Through insights from the findings of the literature and the Bengaluru case study, it 
becomes evident that RCA play a significant role in achieving net-zero carbon emis-
sions. The case study reveals that buildings constructed with RCA showcase nearly 
25% lower carbon emissions compared to those using traditional aggregates. The 
discussion emphasizes the alignment between the literature’s focus on RCA and the 
practical results observed in the Bengaluru case study. It also addresses challenges 
related to quality control and supply chain management.

The combined insights from the literature and the case study highlight the poten-
tial of such strategies, calling for collaboration among stakeholders to accelerate the 
transition to a more sustainable construction industry:

•	 Holistic C&D Waste Management: The bedrock of sustainable waste man-
agement rests upon the enhancement of C&D waste practices at every junc-
ture. This pursuit encompasses both local and global efforts, demanding a 
collective commitment.

•	 Empowering Bangalore’s Transformation: A pivotal stride for Bengaluru 
entails initiating the mechanism for C&D waste disposal, catalyzing the 
seamless transition from dumping sites to recycling facilities. This move-
ment will usher in a new era of waste management efficiency.

•	 Strategic Spatial Planning: The quest to minimize both economic and 
environmental losses incurred during transportation necessitates a calcu-
lated approach. The strategic placement of stone-crushing units at intervals 
of 10 to 15 kilometers emerges as a key strategy.

•	 Symbiotic Production: The tapestry of sustainability extends beyond a 
singular dimension. To embrace this philosophy, the production of RCA 
products should align with the geographical presence of recycling units. 
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This harmonious dance seeks to achieve a balance among environmental, 
economic, and societal pillars.

•	 A Trio of Benefits through Recycled Aggregates: Pioneering the use of 
recycled aggregates as a substitute for natural aggregates within concrete 
is a monumental step. This act carries a triad of benefits: curbing carbon 
emissions, optimizing wasteland utilization, and opening avenues for new 
employment opportunities.

13.10  CONCLUSION

The study underscores the importance of sustainable construction waste manage-
ment and the potential of recycled concrete aggregates in mitigating environmental 
impacts. The findings provide valuable insights for project managers, decision-
makers, and policymakers in the construction industry. The integration of recycled 
materials not only contributes to environmental preservation but also offers substan-
tial cost savings. However, challenges related to sourcing, quality control, and aware-
ness need to be addressed for widespread adoption. Hence, promoting the utilization 
of recycled concrete aggregates emerges as a feasible and impactful strategy for cre-
ating an eco-friendly construction industry.
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Potential of Agricultural 
Residues as Sustainable 
Resources for Civil 
Engineering Applications

Narendra Reddy

14.1  INTRODUCTION

Achieving net zero carbon emissions in the construction and building industry is 
a major target for countries across the globe. Although the construction industry 
accounts for 13%–15% of the global GDP, it is also responsible for more than 40% 
of the total energy used and for about 30% of the total annual greenhouse gas emis-
sions (Pervez et al., 2021). Several strategies are being adopted at the national, inter-
national and local levels to mitigate the effects of building and construction on the 
environment. For example, a report by Karlsson et al. indicates that net zero emis-
sions could be achieved by 2045 in the Swedish road construction industry by using 
recycled steel, aggregates, etc., developing alternate binders, electrification and car-
bon capture in the steel and cement industry, etc. (Karlsson et al., 2020). Similarly, 
various waste materials such as scarp tyres, glass, coal waste, fly ash, concrete waste 
and/or wood waste can be used in bituminous pavement construction and reduce the 
use of virgin materials, which leads to increased sustainability and reduced pollution 
(Sizirici et al., 2021; Vishnu and Singh, 2020). Such efforts could lead to the reduc-
tion in greenhouse gas (GHG) emissions by as much as 90% (Sizirici et al., 2021).

Cultivation of agricultural crops generates considerable amounts of byproducts 
and coproducts that are generally discarded as waste and are either burnt or buried. 
Although these residues are inevitably generated, contain valuable polymers and are 
available at low cost, they have limited applications. In fact, the unscientific disposal 
of the residues is a major cause of environmental and health pollution (Koul et al., 
2022). Major efforts are being made to reduce the disposal of agricultural residues 
and find applications to increase their value. Concepts such as circular economy and 
biorefineries are being aggressively pursued and adopted to reduce the disposal of the 
residues and add value (Duque-Acevedo et al., 2020a, 2020b; Awasthi et al., 2022).

Composites are unique structures that provide the opportunity to tailor the proper-
ties for specific applications. Metal, polymer, fiber-reinforcers and cementitious com-
posites have been extensively used in the construction industry (Mohan et al., 2021; Li 
et al., 2022; Mosallam et al., 2022; Hamidi and Aslani, 2019). Recently, considerable 
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efforts have also been made to utilize agricultural residues for composites used in civil 
engineering applications. For example, composites containing hemp fibers and hemp 
residues are being used on a commercial scale as an alternative to aggregated concrete. 
The hemp-reinforced concrete called “hemp crete” has been successfully adopted on a 
commercial scale (Abdellatef et al., 2020; Kore and Sudarsan, 2021). Similarly, bagasse 
was used as reinforcement for cement along with lime. Composites with compressive 
strength of 2.6 MPa and bending strength of 2.1 MPa were obtained (Souza et al., 2022).

In addition to the low cost and large availability, agricultural residues have 
unique properties that make them ideal for construction and building applications. 
For instance, banana fibers, sisal fiber and even groundnut shells have high thermal 
and noise insulation properties. Similarly, coproducts such as chicken feathers and 
sheep wool have low density and also insulation properties preferred for building 
applications. In our previous studies, we have reported the use of various agricul-
tural residues and coproducts for developing false ceiling tiles as a replacement for  
the gypsum-based tiles (Guna et al., 2019; Sheng et al., 2022; Aramwit et al., 2023). The  
gypsum-based tiles have poor strength and are also easily susceptible to moisture 
and are non-biodegradable. Hence, we have used several agricultural residues to 
develop composites as replacements for false ceiling tiles and also insulation panels. 
In this chapter, we present the process of making the biocomposites and the proper-
ties of the biocomposites obtained from various agricultural residues for insulation 
applications. The properties of the composites obtained have been compared with 
commercially available gypsum and also to medium-density particleboards.

14.2  MATERIALS AND METHODS

14.2.1 M aterials

The agricultural residues such as straw, stems, leaves and husks were collected from 
farms near our institution. The residues were collected and used for developing the 
composites without any major chemical or physical treatment to ensure low process-
ing cost and also to maintain the inherent features of the raw materials. Composites 
were developed using either gypsum or polypropylene (PP) as the matrix. Gypsum 
was purchased from local vendors and PP was purchased from KT International, 
Mumbai, India. Commercially available gypsum-based false ceiling tiles and 
medium-density particleboards were purchased from local vendors.

14.2.2  Producing the Composites

Agricultural residues reinforced gypsum composites: Agricultural residues including 
rice husk, coffee husk, coconut coir, groundnut shells, etc. were selected to reinforce 
gypsum and obtain composites. The residues were combined with the gypsum in vari-
ous proportions by mixing them in water. The mixture was cast into molds and allowed 
to cure for about 24 hours. Later, the composites formed were dried and cured before 
using for testing. Various thicknesses and densities of composites were obtained by vary-
ing the weight per unit area, thickness and proportion of the matrix and reinforcement.

Polypropylene reinforced with agricultural residues: In the second approach, the 
residues were combined with PP as the matrix. Desired ratios of the residues and PP 
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were placed in layers and stacked to form a sandwich-type prepreg. This sandwich 
was compression molded at 160–170°C for 3–5 minutes at predetermined pressure. 
After compression, the mold was cooled to room temperature, and the composites 
obtained were collected and stored for further analysis. The thickness, weight/unit 
area, time and temperature of treatment were varied to obtain composites with the 
desired properties. The composites obtained were conditioned at different tempera-
tures and humidity and tested for their properties.

14.2.3 T esting the Composites

Composites were cut into the required shape and size for determining the properties. 
Tensile and flexural tests were done as per ASTM D638–14. Thermal conductiv-
ity was analyzed as per ISO 8301:1991 and sound absorption according to ASTM 
E1052–12. Further, flame resistance was measured according to the UL standard. For 
all tests, at least 10 samples were tested, and the average and ±one standard deviation 
is reported. Further, statistical analysis using ANOVA was also performed to deter-
mine the significant differences in the values obtained between samples.

14.3  RESULTS AND DISCUSSION

14.3.1 T ensile and Flexural Properties of the Composites

Figure 14.1 provides a comparison of the tensile and flexural strength of composites 
obtained from agricultural residues as reinforcement and polypropylene as matrix 

FIGURE 14.1  Tensile and flexural strength of polypropylene (PP) composites reinforced 
with various agricultural residues. The properties are compared with false ceilings made 
from gypsum having similar density that are available on the market. The composites were 
made using 70–80% reinforcement and 20% matrix.
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FIGURE 14.2  Comparison of the flexural strength of gypsum reinforced with different 
agricultural residues and standard gypsum-based ceiling tiles. The composites were made 
using 70–80% reinforcement and 20% matrix.

in comparison to the commercially available gypsum boards. Considerable differ-
ence can be observed in the strength depending on the type of residue used. Tensile 
strength of the coffee husk composites is highest compared to sheep wool or the 
groundnut shell (GNS) and rice husk (RH) hybrid composite. However, flexural 
strength of the sheep wool reinforced composites is nearly twice that of the coffee 
husk and hybrid composites. Both the tensile and flexural strength of the composites 
developed are considerably higher compared to the commercially available gypsum 
boards. Not only PP, even gypsum reinforced with the agricultural residues provide 
composites with flexural strength similar to that of the commercial gypsum boards 
(Figure 14.2). The extent of improvement in properties of the composites can be con-
trolled by varying the type of reinforcement and the properties desired for specific 
applications.

14.3.2 T hermal Conductivity of the Composites

Materials used for thermal insulation applications are suggested to have thermal 
conductivity of less than 0.1 W/mK. As seen from Table 14.1, composites obtained 
from the different residues have a varying range of conductivity. The lowest conduc-
tivity is obtained from the sheep wool reinforced composites, which is understand-
able since wool has natural insulation abilities. A combination of wool and coir with 
gypsum as binder showed considerably high conductivity. The extent of conductivity 
will not only depend on the inherent properties of the reinforcement but also on the 
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density, thickness, presence of pores in the composites, etc. Compared to commer-
cially available gypsum, most of the composites meet or exceed the requirements for 
thermal conductivity.

14.3.3 A coustic Absorption

Composites obtained in this study have the necessary acoustic absorption properties. 
As seen from Table 14.2, sound absorption coefficients up to 0.9 can be obtained by 
varying the type of residue used. Coffee husk–reinforced composites had the highest 
absorption, close to the ideal level of 1.0. However, wool and GNS/RH composites 
have relatively low absorption because of the lack of voids and pores that can absorb 
or dissipate sound.

TABLE 14.1
Thermal Conductivity of Composites Obtained from Various Agricultural 
Residues

Reinforcement Type Thermal Conductivity (W/mK)

GNS+RH+PP 0.193± 0.017

Coffee Husk 0.052–0.105

Sheep Wool 0.058–0.083

GNS + Coir + Gypsum 0.12± 0.4

RH + Coir + Gypsum 0.09 ± 0.03

Wool + Coir + Gypsum 0. 305± 1.3

Standard Gypsum Board 0.170± 0.014

Note: Either PP or gypsum was used as the matrix in comparison to commercially available gypsum 
boards. The composites were made using 70–80% reinforcement and 20% matrix.

TABLE 14.2
Extent of Sound Absorption Possible with Composites Reinforced with 
Different Agricultural Residues

Composite Sound Absorption Coefficient

GNS+RH+PP 0.2–0.4

Coffee Husk 0.2–0.9

Sheep Wool 0.86

GNS + Coir + Gypsum 0.10–0.75

RH +Coir + Gypsum 0.25–0.55

Wool + Coir + Gypsum 0. 15–0. 35

Standard Gypsum Board 0.4–0.6

The composites were made using 70–80% reinforcement and 20% matrix.
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14.3.4  Flame Resistance

Most agricultural residues are inherently flammable, and hence composites contain-
ing the residues have flammability rating between V1–V2 compared to V0 for the 
gypsum boards. However, composites made from wool and husks have ratings of V0 
and V1 depending on the ratio of the reinforcement and density of the composites. 
Using 1–3% flame retardants such as ammonium polyphosphate have provided com-
posites with complete flame resistance (V0) similar or better than that of the gypsum 
boards.

14.4  CONCLUSIONS

Agricultural residues are not only renewable, sustainable and low-cost sources for 
developing composites for civil engineering applications, but they also provide 
unique properties not possible by using gypsum. Residues such as wool and rice 
husk have excellent thermal insulation and even sound absorption properties. The 
technology proposed in this research study enables using agricultural residues in 
their original form, and multiple residues can be used to develop hybrid composites 
that meet the specific requirements. Composites developed in this study meet or 
exceed the properties of the gypsum-based false ceiling tiles available on the market. 
However, further studies on improving the processability and enhancing the flame 
resistance of the composites are necessary before the composites could be used for 
commercial applications.
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15.1  INTRODUCTION

Mortars are the binding materials used in the construction of masonry. Their composition 
comprises a homogeneous blend of cementitious materials along with inert fine aggregate 
fraction and water. The selection and composition of mortar are pivotal in masonry con-
struction, as they have a significant impact on various characteristics, including strength, 
durability, and resistance to rain. The behaviour of masonry construction is greatly influ-
enced by the characteristics of mortar in a fresh and hardened state. The characteristics 
like consistency (workability) and water retentivity of mortar in fresh states are of most 
importance, as it assists during construction of the masonry bed joint. The hardened mor-
tar characteristics, including bond strength, drying shrinkage, porosity, and stress-strain 
behaviour of mortar, significantly affect the performance of masonry strength.

In the field, conventional or normal masonry construction comprises bed joint 
thickness of 12–15 mm [1]. Use of such masonry practice demands a large volume 
of conventional materials, which are energy intensive and create greater impact on 
environment. An innovative technique named thin joint masonry construction has 
been widely practiced in the West, which recommends the use of bed joint thickness 
of 0.5–3 mm [2]. The compressive strength of these mortars ranges from 10–15 MPa. 
This technique proves to be effective for construction of low-rise masonry, resulting in 
large savings in mortar materials and providing a sustainable environment. This thin 
joint masonry demands mortars made with particle size of fine aggregate less than 
1 mm [2]. Use of conventional sand for production mortars for thin jointed masonry 
requires additional segregation, which results in time and economic constraints. 
However, it is possible to develop mortars for thin bed joints in masonry construction 
with alternate materials containing particle size of maximum 1 mm resulting from 
recycling. It is noteworthy to mention the masonry unit properties especially of bricks 
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in the developed economies have compressive strength in the order of about 60 MPa. 
However, for developing countries, the compressive strength for locally produced 
table-moulded bricks lies in the range of 7–10 MPa. For such bricks, suitable mortars 
can be developed for thin jointed masonry using conventional fine aggregates and its 
alternatives. In this way, one can ensure circularity in construction.

Over the years, extensive construction activities have exploited conventional mate-
rials, leading to depletion of natural resources and consumption of non-renewable 
fossil fuels. These actions have considerable implications and have done irreparable 
damage to the environment, like emission of greenhouse gases, depletion of the ozone 
layer, and promoting global warming and climate changes. Thus, there is no haziness 
about the fact that immediate action should be taken in this field, primarily to reduce 
use of natural resources and energy consumption, and to encourage the use of eco-
friendly and sustainable materials leading to a sustainable environment. The various 
alternate construction materials like natural soil, manufactured sand, marble fines, 
granite fines, masonry waste, and concrete waste are used for developing mortars. 
The application of such mortars and an industrial product in the development of thin 
bed joint masonry is explored in this chapter to promote sustainable construction.

15.2  MATERIALS

15.2.1 N atural Soil (S)

Soil is a naturally occurring material which is abundantly available. The utilisation of 
soil as a building material has been in practice since ancient times and is considered 
to be eco-friendly, cost-effective, and efficient to practice with minimal impact on the 
environment. A wide variety of soil is available, thus in the process of selecting soil as 
a construction material, factors like type and constituents of soil are of utmost impor-
tance. Ancient construction employed soil as fine aggregates in making mortars with 
different binders. Mortars for thin jointed masonry construction can be developed 
using fine soils with an appropriate amount of silt and clay content. The properties 
of soil used for evaluation of thin joint masonry behaviour is presented in Table 15.1

15.2.2 M anufactured Sand (M Sand)

Manufactured sand or M sand is the most popular alternative widely used in the construc-
tion process as a substitute to conventional river sand. The sand size particles are acquired 
by means of a crushing aggregate process in a stone-crushing plant. The properties of M 

TABLE 15.1 
Characteristics of Soil

Soil Type

Gradation of Soil (%)

Gs ReferencesGravel Sand Silt Clay
Type-I - 40 40 20 2.52 [1]

Type-II - 28 35 37 2.35 [3]

Type-III - 32 55 13 - [4]
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sand vary considerably depending on the source of the parent material. The shape of par-
ticles must be given significant consideration during the production process to avoid the 
accumulation of charges on edges, leading to improper bonding with the binders.

15.2.3 G ranite Fines or Powder (GF)

Granite fines (GF) is a byproduct produced in granite factories while cutting huge 
granite rocks and polishing slabs. GF debris is generally in the form of slurry pro-
duced by granite industries. GF generally contains a large portion of silt-size par-
ticles of the order 65–80% [5]. India has about 15% of the world’s stone deposits [6]. 
There are also about 350 granite cutting and polishing industries [5]. These resources 
generate a considerable amount of granite sludge. Research in the recent past [5, 6] 
has shown that fines generated from stone-polishing industries can be used as sand 
replacement in mortar, concrete, and masonry units. Effective utilisation of these 
industrial waste materials will resolve environmental problems of their disposal.

15.2.4 M arble Fines or Powder (MF)

Marble fines (MF) is the waste generated during marble polishing in marble industries. 
MF mainly consists of calcite and other minerals like mica, quartz, pyrite, etc. [7]. 
India is among the leading producers of marble products. The state of Rajasthan has 
about 1100 MT of marble deposits, with 1200 marble processing units generating five 
to six million tonnes of marble waste annually [8]. The application of marble waste as 
a resource will not only reduce the environmental effects of disposing of marble waste, 
but also lead to conserving natural resources. Marble waste has also shown its potential 
to be utilised as fine aggregates in concrete production [8]. Recent investigations indi-
cate the pozzolanic behaviour of marble waste in cementitious products.

15.2.5 R eady-Mix Mortar

‘Fixoblock’, a ready-mix product, is widely used as jointing material in masonry 
nowadays. The premix consists of a mixture of cement, sand, and admixture ready 
to be used on-site with the addition of water. It serves as a highly effective jointing 
material between masonry units, since application of only 3 mm with ‘Fixoblock’ 
achieves a bond strength comparable to conventional mortar of 12–15 mm thickness. 
It should be noted that adequate mixing is required to be administrated before appli-
cation. The addition of moisture depends upon the consistency of paste required.

15.2.6  Construction and Demolition (C&D) Waste

Construction and demolition (C&D) waste are the wastes generated during construc-
tion and demolition of structures after their serviceable life. It usually contains demol-
ished materials from masonry wall, concrete slab, plastering mortars, etc. This type of 
waste can be recycled and reused as recycled aggregates in the construction operations 
after the proper sorting, crushing, and screening processes. Considerable studies have 
been conducted in producing building products like concrete and allied products [9].

The properties of various alternate materials used as fine aggregates in mak-
ing mortars for thin joint masonry are presented in Table 15.2. It is interesting to 
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TABLE 15.2 
Characteristics of Materials

Materials FM Zone Gs WA (%) Dry Density (g/cc) References
MS 2.2–2.6 II 2.59–2.62 1.6–3.6 - [3, 11]

NS 2.53 II 2.66 - - [1]

GF 1.083–1.2 IV 2.16–2.5 - 1.17–1.2 [11, 12]

MF 1.25 - 2.31 - 1.2 [11]

CW - II 2.51 5.44 - [13]

MW - II 2.57 6.32 -

note that natural sand and manufactured sand were categorised in Zone-II, as shown 
in Figure 15.1a. Granite and marble fines contain a large amount of fine (silt and clay-
sized) particles and was beyond Zone-IV of the Indian standard code of practice IS 
383–2016 [10]. The grain size distribution of various fine aggregates and its alterna-
tives are presented in Figure 15.1a and Figure 15.1b.

15.3  MORTAR PROPERTIES

The constituent of mortar and its proportioning plays a significant role in the development 
of strength. The water-to-cement ratio have a greater contribution in attaining the desired 
strength and improving the workability of mortar during masonry construction. In compari-
son to conventional cement-sand mortars, use of soil, C&D waste, and fines from granite and 
marble industrial waste demands more water due to the presence of clay and fine particles 
with high water absorption capacity. Water absorption of mortar is a property that is often 
not accounted for. However, water absorption defines the voids in mortar composites and 
leads to moisture movement through mortar joints. This moisture holding and movement 
lead to aesthetics distortion of masonry elements and facilitate mold growth. Conventional 
cement sand mortar exhibits water absorption of 5–10% [14]. Somanath et al. also reported 
a similar range of water absorption limits for GF-based mortars [14]. A stiff lump of paste 
was obtained for 100% flow for fines-based mortar, improving the workability. Along with 
this, rapid hardening of paste was observed at low water-to-cement ratios (w/c). Use of soil 
and C&D waste often accounts for considerable variation in water absorption. This value 
may range from 5–27% depending upon the absorption capacity of fine aggregate, cement 
content in the mortar, and the percentage replacement of natural aggregate by alternative 
substitute. The w/c for each mortar combination is selected depending upon the consistency 
of mix required; generally, w/c corresponding to a flow of 100–115% was selected [15]. The 
characteristics of various alternate mortars explored are presented in Table 15.3.

15.3.1  Compressive Strength

The compressive strength of mortar combinations was evaluated on specimens of sizes 
specified by IS 10086:1982 - RA 2008 [16]. Flow of 150–175% was maintained for mor-
tars containing granite fines. A total of 20 mortars were explored, using various alterna-
tives to conventional fine aggregates. These mortars were categorised as soil, granite 
fines, marble fines, and C&D waste fines-based mortars. The compressive strength of 
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mortars for thin joint masonry was also dependent on cement content in the mix and 
constituent materials. The detailed designation and characteristics of mortars explored 
are presented in Table 15.3. Series A and B mortars were made with soil containing clay 
of 20%. However, Series C and D mortars contained clay of 37%. Soil-based mortars 
exhibited contrasting variations in their strength characteristics. This is mainly due to the 
presence of silt and clay content in the soil used as fine aggregates in mortars. More stud-
ies are required to investigate the strength properties of mortars for thin joint masonry 
made with modified soil suitable for manufactured compressed earth blocks. The clay 
and silt content in such soils are often restricted to 10–15% and 30–35%, respectively.

Despite a higher flow percentage of GF-based mortars, compressive strength 
was found to vary 7.52 to 16.31 MPa. Mortars samples (F, G, and I) comprise 
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constituents like granite fines, granite fines–soil, and granite fines–soil–fly ash 
resulted in comparable compressive strength in the range of 11.47 to 12.72 MPa. 
In addition, use of soil and fly ash along with granite fines showed improved 
ease in handling of mortar. Madhusudhan [11] investigated the properties of 1:3 
(binder: fine aggregate) proportioned mortar. The fine aggregates used in mortars 
were natural sand, marble waste, and M sand. The compressive strength of mortar 
was around 13 MPa. A commercial ready-mix mortar called Fixoblock was also 
explored, resulting in a similar compressive strength of 13.56 MPa. Use of C&D 
waste as fine aggregate in 1:4 proportion mortar was explored [13]. The concrete 
waste and masonry waste varied from 30%, 50%, and combined 60% as replace-
ment to conventional fine aggregate. Substitution of 30% and combined 60% of 
concrete waste resulted in higher compressive strength as compared to mortar 
made with conventional fine aggregates. All of the mortars explored were com-
pared with different grades of masonry mortars as specified by IS 1905–1987 [17]. 
Figure 15.2 shows that various mortars investigated resulted in higher compressive 
strength as compared to conventional mortar.

TABLE 15.3 
Characteristics of Different Mortar Combinations

Designation
Constituents of 

Mortar Proportion w/c CS (MPa) Reference
A C: L: S: P 1:1:2 1.50 11.29 [1]

B C: L: S: P 1:1:1.5 14.13

C C: L: S: P 1:1:1 -   2.50 [3]

D C: L: S: P 1:1:2   2.19

E C:GF 1:1 0.79 16.31 [4]

F C:GF 1:2 1.17 11.47

G C:S:GF 1:1:1 1.06 12.27

H C:S: GF 1:1:2 1.45   7.52

I C: S: FA: GF 1:1:1:1 2.45 12.27

J C: NS 1:6 1.28   4.31

K C:GF 1:3 1.40 13.36 [11]

L C:MF 1:3 1.20 13.54

M C:MS 1:6 1.38 13.66

N Fixoblock - 0.23 13.56

O C:MS 1:4 0.80 16.02 [13]

P C: MS+CW 1:4 (0.7+0.3) 0.80 13.38

Q C: MS+CW 1:4 (0.5+0.5) 0.90 12.96

R C: MS+MW 1:4 (0.7+0.3) 0.90 16.15

S C: MS+MW 1:4 (0.5+0.5) 0.90 11.34

T C: MS+CW+MW 1:4 (0.4+0.3+0.3) 0.88 17.58

H1 CLNS 1:1/4:3 10.00 [17]

H2 CLNS 1:1/4:4   7.50

M1 CNS 01:05:00   5.00

M2 CLNS 01:01:06   3.00
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15.4 MASONRY PROPERTIES

The performance of thin joint masonry has been assessed on stack bonded and 
English bonded prisms, while ensuring the height/diameter (h/d) ratio between 2–5, 
in accordance with the guidelines mentioned in IS 1905:1987 [17]. A comparison 
of strength characteristics of normal masonry with 12 mm bed joint thickness and 
thin joint masonry with bed joint thickness of 3–6 mm is discussed in the following 
section. The characteristics of different masonry prism evaluated were tabulated in 
Table 15.4.

0

4

8

12

16

A B C D H1 H2 M1 M2

M
or

ta
r C

om
pr

es
si

ve
 st

re
ng

th
, M

Pa

Mortar types

Comparison of Mortar Compressive strength [1, 3] Vs Strength 
of masonry mortar specified by IS 1905-1987 [17] 

FIGURE 15.2A Soil-based mortars.

0

4

8

12

16

20

E F G H I J K L M N H1 H2 M1 M2

M
or

ta
r C

om
pr

es
si

ve
 st

re
ng

th
, M

Pa

Mortar types

Comparison of Mortar Compressive strength [4, 11] Vs Strength of 
masonry mortar specified by IS 1905-1987 [17] 

FIGURE 15.2B Granite fines and marble fines-based mortars.



Mortars for Thin Joint Masonry Utilising Recycled Materials� 253

0

4

8

12

16

20

O P Q R S T H1 H2 M1 M2

M
or

ta
r C

om
pr

es
si

ve
 st

re
ng

th
, M

Pa

Mortar types

Comparison of Mortar Compressive strength [13] Vs Strength of 
masonry mortar specified by IS 1905-1987 [17] 

FIGURE 15.2C C&D waste-based mortars.

TABLE 15.4 
Characteristics of Thin Joint Masonry Prism

CS (MPa)fm fb FS
Designation (MPa) (MPa) h/t SBP EBP (MPa) Reference
A 11.29  8.53 2.15 4.05 - - [1]

B 14.13 2.15 4.35 - -

C  2.50  6.18 - - 2.22 - [3]

D  2.19 - - 2.43 -

E 16.31  5.92 1.77 - 1.67 0.13 [12]

F 11.47 1.76 - 1.70 0.20

G 12.27 1.87 - 1.45 0.19

H  7.52 1.87 - 1.09 0.14

I 12.27 1.88 - 1.19 0.14

E 16.31  8.99 1.77 - 4.93 0.26

F 11.47 1.76 - 3.65 0.31

E 16.31 14.64 1.77 - 4.66 0.35

F 11.47 1.76 - 5.39 0.30

K 13.36  4.64 2.09 - 1.10 - [11]

L 13.54 2.11 - 1.44 -

M 13.66 2.11 - 1.32 -

N 13.56 2.02 - 1.90 -

O 16.02  5.93 - 2.33 1.36 0.14 [13]

P 13.38 - 1.89 1.38 0.06

Q 12.96 - 2.35 3.22 0.09

R 16.15 - 1.84 4.30 0.15

(Continued)
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Designation
fm

(MPa)
fb

(MPa) h/t

CS (MPa) FS
(MPa) ReferenceSBP EBP

S 11.34 - 1.34 2.82 0.04

T 17.58 - 1.77 3.24 0.05

fm—mortar strength, fb—unit strength, CS—Compressive strength, FS—Flexural strength, SBP—Stack 
bonded prism, EBP—English bonded prism, h/t ratio for English bonded prisms was 2.00–2.71 and for 
stack bonded prism was 4.00–4.5

TABLE 15.4 (Continued) 
Characteristics of Thin Joint Masonry Prism

15.4.1 Compressive strength of prism

The strength of masonry prism is influenced by various parameters, including 
strength of masonry unit, h/d ratio, moisture absorption of masonry unit, thickness 
of mortar joint, and the ratio of elastic modulus of mortar and masonry unit. Masonry 
compressive strength is significantly influenced by unit strength more than mortar 
strength. Masonry compressive strength with conventional bed joint thickness can 
be evaluated using equation (1), whereas prism compressive strength of thin bed joint 
masonry can be evaluated using equation (2) as per the Euro code:

fk = k.fb
α.fm

β (15.1)

fk = k.fb
0.70 to k. fb

0.85  (15.2)

where fk—Compressive strength of masonry prism, fb—Unit strength, fm—Mortar 
strength, k,α,β—Constants depending upon type of masonry and type of bonding 
[18].

From equation 15.2, it can be observed that when the mortar strength is not greater 
than 20 MPa or twice the strength of unit, compressive strength of thin joint masonry 
is governed by unit strength only. Increase in brick strength improved the masonry 
compressive strength of thin jointed and normal masonry. Compressive strength of 
thin jointed masonry increased by 32–48% for brick strength up to 8 MPa. This incre-
ment in masonry compressive strength was 24–16% higher for high-strength bricks, 
i.e., fb greater than 10 MPa. Like thin jointed masonry, increment in masonry com-
pressive strength with increase in brick strength was observed for normal masonry. 
However, the slope of increment of normal masonry was 32% lower than that for thin 
jointed masonry, as shown in Figure 15.3a. Masonry efficiency, the ratio of masonry 
strength to unit strength, was found to increase marginally for thin jointed masonry 
with an increase in brick strength. Whereas, in the case of normal masonry, masonry 
efficiency reduced as the brick strength increased, as shown in Figure 15.3b. The 
strength of mortar does not have a significant role in the development of masonry 
strength. However, it is desirable to have a good strength of mortar for efficient bind-
ing of masonry units.
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15.4.2  Flexural Strength of Prism

Flexural strength of masonry prism evaluates the modulus of rupture, which represents 
the bond strength of masonry units. The bond strength of masonry prism is signifi-
cantly influenced by the surface texture of masonry units and the type of mortar uti-
lised [1]. Figure 15.4 shows the variation of flexural bond strength of normal masonry 
and thin joint masonry. It can be clearly seen from Figure 15.4a, for mortars strength 
ranging 6–12 MPa, an increase in bond strength is around 5.5–6.26% for every 2 MPa 
increase in mortar strength. The strength of the masonry unit has a major influence 
in determining the failure pattern of masonry prism. The higher strength masonry 
unit showed block failure, while mortar joint failure was observed for the masonry unit 
with comparable lower strength [12], as shown in Figure 15.4b. However, the rate of 
strength increment of thin joint mortar was higher than the normal masonry. The flex-
ural strength of thin joint masonry prism was evaluated as per ASTM standards C 
1072 [19]. The detailed characteristics were presented in Table 15.4.

15.5  ENERGY ANALYSIS

Energy of building components mainly depends on its constituent materials like 
cement, aggregates, and building units. Burnt clay bricks and cement are the most 
energy-intensive materials. Embodied energy of aggregate mainly depends on the 
distance of its procurement. Table 15.5 presents the embodied energy of various 
basic building materials [20]. Embodied energy per cubic meter of mortar was evalu-
ated and presented in Table 15.6.

Maximum embodied energy was observed for cement-lime-soil mortar followed by 
mortar made with granite fines. This increase in embodied energy is due to the presence 
of higher cement content in these mortar proportions. The least energy requirement 
was exhibited by cement–natural sand mortar of proportion 1:6. However, if the ratio of 
embodied energy to compressive strength of mortar is observed, cement-rich mortars 
exhibit lower values as compared to mortars with high sand fractions. Use of cement-
rich mortars enhances bond strength characteristics of masonry. This thin jointed mor-
tar will substantially reduce the energy in building components when energy-efficient 
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FIGURE 15.4  Variation of bond strength of masonry prism with mortar strength and brick 
strength.

and engineered building units are utilised. A comparison of energy utilised for 1 m3 of 
stretcher-bonded wall constructed using stabilised mud blocks and hollow clay blocks 
is analysed. The energy is calculated for wall built using 5-mm and 12-mm-thick bed 
joint, and details are presented in Table 15.7. It was noted that thin jointed stabilised 
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TABLE 15.5 
Embodied Energy of Basic Building Materials

Material EE (MJ/unit)

Cement, kg 3.60

M sand, kg 0.20

CW or MW, kg 0.11

Lime, kg 2.50

GF, kg 0.01

MF, kg 0.01

Soil, kg 0.01

Hollow clay block, unit 16.70

SMB, unit 2.85

TABLE 15.6 
Embodied Energy per Cubic Meter of Mortar

Vol. of mortar = 1 m3

Mortar Proportion Energy (MJ) CS (MPa) Energy/Strength

C:GF 01:02 1686.40 11.47 147.03

C:MF 01:03 1267.38 13.54   93.60

C:MS+CW 01:04 1223.60 12.96   94.41

C:MS+MW 01:04 1221.50 11.34 107.72

C:MS 01:06 1020.00 13.66 63.67–236.65

C:NS 01:06   847.99   4.31 49.36–196.75

C:L:S 1:1:1.5 2603.87 14.13 184.28

TABLE 15.7 
Embodied Energy of Masonry Wall with Various Mortar Combinations and 
Masonry Units

Constituents Proportion

EE (MJ)
Bed joint: 5mm

EE (MJ)
Bed joint: 12mm

% SavingsMasonry Unit Masonry Unit

SMB Clay block SMB Clay block SMB Clay block

C: GF 01:02   974.34 1559.16 4302.63 1729.07 77.35   9.83

C: MF 01:03   916.87 1498.11 4180.51 1588.98 78.07   5.72

C: MS+CW 01:04   911.56 1489.43 4085.27 1572.73 77.69   5.30

C: MS+MW 01:04   911.56 1489.43 4085.27 1572.73 77.69   5.30

C: MS 01:06   883.10 1459.00 4105.60 1507.00 78.49   3.19

C: NS 01:06   860.64 1433.39 4056.47 1451.47 78.78   1.25

C: L:S 1:1:1.5 1044.82 1644.69 4460.05 1905.78 76.57 13.70
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mud block masonry resulted in energy savings of more than 75% as compared to 12 
mm bed joint masonry. This reduction is due to the low embodied energy of stabilised 
mud block. Hollow clay block masonry with 4–6 mm bed joint thickness resulted in 
5–10% savings in energy as compared to 12–15 mm bed joint masonry construction 
when mortars made with waste materials are used. Use of conventional aggregates for 
making mortars results in a marginal energy savings of 1.25–3.19%. 

15.6  CONCLUSIONS

Based on the studies reported, the following conclusions are derived. Industrial 
waste such as C&D waste, granite fines, marble fines, and many others can be used 
in making mortars for masonry. Soil-based mortars exhibited considerable varia-
tions in the strength and absorption characteristics due to the presence of silt and 
clay content. Mortars of proportion 1:3 and 1:4 (cement: fine aggregate) made with 
industrial waste resulted in enhanced compressive strength compared to conven-
tional mortars applicable to both thin jointed and normal masonry.

Masonry properties viz. compressive strength are governed by unit strength in thin 
joint masonry, thus use of high-strength engineered units will facilitate faster con-
struction and uniform joint thickness. Masonry compressive strength and masonry 
efficiency of thin joint masonry was superior for thin joint masonry as compared to 
normal masonry. Flexural strength of thin joint masonry was also found to increase 
with an increase in brick-and-mortar strength. For every 4 MPa increase in mortar 
strength, an increment in flexural bond strength of 0.02 MPa and 0.028 MPa was 
observed for thin joint masonry and normal masonry, respectively. And for every 5 
MPa increase in brick strength, an increase in bond strength by 0.081 MPa and 0.042 
MPa was observed for thin joint masonry and normal masonry, respectively. Energy 
savings up to 75% was noted with thin jointed masonry wall construction using sta-
bilised mud block. Hollow clay blocks used in wall construction using thin bed joints 
results in 5–10% energy savings when mortars made with recycled aggregates are 
used. Use of conventional units like non-modular burnt clay bricks does not lead to 
any savings in energy or reduced carbon emissions.
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16.1  INTRODUCTION

Portland cement is the typical binding material applied in civil engineering works. 
A prodigious quantity of concrete is required for the ongoing construction of grand 
infrastructure projects. Consequently, the utilization of concrete by communities 
around the world acquires second rank after water (Davidovits 2013). However, the 
cement industry emits greenhouse gas carbon dioxide (CO2) and harmful smokes in 
huge extents into the atmosphere. Additionally, the production of Portland cement is 
a highly energy-exhaustive process that is mostly consumed during the manufactur-
ing of clinker.

Furthermore, the major problem associated with soft soil is structural damage in 
lightweight structures due to significant changes in volume caused by wetting and 
drying of clay. An uplift force is applied on the foundation by swelled clay particles 
during the wet period. This condition is called edge heave condition, as demonstrated 
in Figure 16.1a, while shrink at the edge and settlement of foundation occur during the 
dry period, and the consequence is known as the edge-shrink effect. Moreover, a rise 
of foundation from the center occurs due to capillary action caused by collected moist-
ness under the foundation center. This time-dependent phenomenon is termed center 
heave condition, as demonstrated in Figure 16.1b. Generally, soft soil is stabilized with 
a non-eco-friendly conventional stabilizer, i.e., cement. Therefore, it is a challenge for 
the geotechnical engineer to increase the mechanical properties of soft soil by using 
eco-friendly stabilization and reinforcement methods at a reasonable price.

For global sustainable development, enlarged release of greenhouse gases in the 
air is not tolerable both socially and environmentally, as specified in the World Earth 
Summit organized in Rio de Janeiro, Brazil, in 1992 and subsequently in Kyoto, 
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Japan, in 1997. Furthermore, decreasing global warming by lessening the green-
house gas released into the air is the aim of the worldwide agreement called the 
Kyoto Protocol, accepted in 1997 in Kyoto, Japan. The Kyoto Protocol has applied 
numerous emission reduction goals to the countries globally (Malhotra 1999). 
Following this point of view, the global warming phenomenon should be considered 
more seriously, and attempts should be made to decrease the consequences.

To overcome the concerns related to the construction industry, a novel, greatly 
durable, strong, and advanced binding material with a considerably small carbon 
footprint, called “geopolymer”, has been offered as a valid substitute to traditional 
Portland cement.

16.2  GEOPOLYMER

Geopolymers are three-dimensional aluminosilicate constituents that strengthen 
by the aid of heat treatment at temperatures less than 100°C (Davidovits 1991). A 
precursor material comprising alumina and silicate, an alkaline component, and 
thermal curing are essential to generate geopolymers. When the raw precursor mate-
rial containing aluminosilicate interacts with the alkaline reagent, an amorphous 
to a semi-crystalline substance is created within a complex chemical procedure, 
termed geopolymerization. Relying on the accessibility of calcium ion from a pre-
cursor material viz. iron blast furnace slag, class C fly ash, etc., strengthening of this 

FIGURE 16.1  Demonstration of critical soft soil swell-shrink ground conditions: (a) edge 
heave condition and (b) center heave condition.
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semi-crystalline substance or geopolymer binder can also be attained at ambient 
temperature.

The conversion of a raw precursor material into a geopolymer matrix can be con-
cise in three stages. During the first stage, the suspension of the amorphous alumi-
nosilicate precursor material in the alkaline liquid yields a supersaturated mix of 
SiO2 and Al2O3. In the second stage, while water is discharged slowly in the process, 
a gel structure is created through the development of big links by polycondensation 
of oligomers in the aqueous stage. Lastly, in the third stage, a three-dimensional 
geopolymer matrix is formed due to an increased gel network.

The difference between the manufacturing of cement and the production of geo-
polymer binder is that hardening of Portland cement occurs through hydration of 
calcium silicate into calcium disilicate and lime, whereas hardening of geopolymer 
binder occurs through polycondensation of oligomers into a cross-linked network of 
polymers, as shown in Figure 16.2. The curing of geopolymer binders occurs more 
rapidly than does Portland cement. Most of the strength of a geopolymer binder is 
gained within 24 hours, although they set slowly enough that they can be mixed at a 
batch plant and delivered in a concrete mixer. As described earlier, Portland cement 
is a severe atmospheric contaminant, whereas using blended types of cement with 
coal fly ash ingredients reduces the CO2 emissions by 10%–15%. On the other hand, 
typically geopolymer lessens CO2 releases by 40%–90% (Davidovits 2013).

FIGURE 16.2  Difference between chemistry of Portland cement and chemistry of geopoly-
mer binder.
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Geopolymer binders are mechanically strong and possess a high-temperature resis-
tance along with high resistance against chemical attack (Albitar et al. 2017; Valencia 
Saavedra and Mejía de Gutiérrez 2017). These properties are extremely significant for 
use in transportation infrastructure, construction, and offshore applications. However, 
when geopolymer binder is used in pavement construction, other performances like 
durability along with mechanical strength are a priority. In this thesis, the geotechni-
cal aspects of the geopolymer have been studied for mainly its application in pave-
ment construction, which is also an innovative method to check the performance.

Numerous aluminosilicate-based precursors have been proposed for geopoly-
merization viz. metakaolin, fly ash, slag, etc. Using these precursors individually 
in geopolymerization causes various issues, for example, fly ash–based geopolymer 
requires heat curing to achieve the mechanical strength, which is slightly unfavor-
able for field conditions, whereas slag-based geopolymers have a very fast setting 
time. Moreover, metakaolin-based geopolymer significantly affects the workability 
of the mix. On the other hand, a blended geopolymer based on two precursor materi-
als appears to have high efficacy to overcome these issues.

16.3  FLY ASH

The industrial byproducts and municipal discard removal are the main concerns in 
emerging nations like India. Both types of discards have provoked numerous ecological 
problems as they are frequently disposed into a landfill. Instead, lack of land and natural 
reserves led to lack of landfill sites with elevated price due to quick urbanization. In this 
situation, the application of such discards in construction should be encouraged so as to 
avert the greatest waste from landfills. Consequently, it will aid in the waste reduction 
initiative, presently operating in India by decreasing the load on landfills.

Fly ash (FA), created from coal burning, is an industrial byproduct. FA is usually 
applied as a precursor in production of geopolymer. Each year about 480 million 
tons of FA is produced worldwide, whereas in India, more than 100 million tons 
of coal FA is being produced yearly (Sivakumar and Mahendran 2014). This is an 
enormous quantity of waste being created. FA is being utilized as a partial substi-
tute in cement because of the pozzolanic characteristic. Furthermore, FA comprises 
minerals such as alumina and silica, which are important in the geopolymerization 
process. Therefore, FA can be a suitable alternative for construction material.

FA is the most widespread pozzolan and is found widely applied in universal 
construction material. It is acknowledged that the quality of concrete is significantly 
improved by the addition of FA. With the increased production of FA in upcoming 
years due to increased demand for power generation, disposal of FA is going to be 
a bigger issue. Additionally, dumping a large volume of FA into a landfill can con-
taminate the environment. Therefore, utilizing such waste pozzolanic material as a 
precursor to producing a geopolymer binder will benefit the environment.

FA, a discard of coal burning, is the most used raw precursor material for geo-
polymerization. Boiler operation situations in power plants and characteristics of 
coal influence the composition of an individual particle of FA. Major chemical 
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configuration and typical characteristics of FA are summarized in Table 16.1, as 
documented by the various investigators.

FA can be categorized into two classes depending on the calcium content: Class C 
fly ash with high calcium content and Class F fly ash with the low calcium content. 
Class C fly ash is acquired from burning lignite and sub-bituminous coals, whereas 
burning of bituminous coal provides Class F fly ash.

Due to the presence of higher CaO content, geopolymerization of Class C fly 
ash led to the early development of C-S-H even after curing in ambient conditions 
(Shekhawat et al. 2020, 2022). Therefore, geopolymers made from Class C fly ash 
have a rapid setting time compared to geopolymers made from Class F fly ash. Rapid 
setting of a geopolymer is not ideal for its development, hence the inclusion of a 
retarder is always required in Class C fly ash. On the other hand, in order to obtain 
high compressive strength, Class F-based geopolymers are required to be cured at 
temperatures 40°C–95°C, although the reactivity of Class F fly ash can be increased 
by reducing the particle size.

The surface features and particle shape of fly ash can be studied by using the scan-
ning electron microscopy (SEM) technique. Various SEM images of fly ash used by 
researchers in their research work have been shown in Figure 16.3.

FA particles are spherical, generally hollow, and have a smooth surface. These 
particles are glassy or vitreous due to the presence of amorphous minerals. This 
vitreous phase could be related to the presence of iron, calcium, and alkali elements, 
primarily sodium in a low-calcium FA. Moreover, variation in the chemical compo-
sition of the vitreous phase was also noticed for different FA particles and even point 
to point within one particle.

FA has been utilized as a source material in geopolymerization in the majority of 
investigations due to the presence of amorphous alumina and silica. Out of 125 for-
mulations of precursors for geopolymer and blended geopolymers reported in recent 
reviews, 65% were based on FA as a precursor, as shown in Figure 16.4. The per-
centage incorporation of any other two precursors individually or together is below 
15%. Therefore, it can be concluded that FA is the most widely accepted precursor 
material due to its properties and availability.

TABLE 16.1

Major Properties of Class F Fly Ash Used by Different Authors

Major Constituent

Xu and Van 
Deventer 

(2002)
Sindhunata 
et al. (2006)

Kua et al. 
(2016)

Zhao et al. 
(2019)

Sukmak et al. 
(2019)

SiO2 46.20% 50.01% 67% 59.74% 53.93%

Al2O3 30.30% 27.97% 24% 27.51% 20.19%

CaO 4.31% 3.48% 1.59% 1.45% 5.38%

LOI 2.00 1.39 - 2.66 5.01

D50 8.47 µm 12.4 µm 36 µm 16 µm  

Specific gravity 2.39 2.34 2.4 - 2.10
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FIGURE 16.3  SEM images of fly ash used by various researchers.
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16.4  USABILITY OF FLY ASH GEOPOLYMERS

The possible applications of FA geopolymers suggested by the researchers are as 
follows:

•	 As a cementitious binder for the production of concrete structural members 
(Palomo et al. 1999; Guo et al. 2010; Ravikumar et al. 2010; Yang et al. 
2017; Chen et al. 2018)

•	 Developing fire-resistant concrete (Mustafa Al Bakri et al. 2013)
•	 As a green composite material to be used as bearing masonry units (Sukmak 

et al. 2015; Horpibulsuk et al. 2016; Malkawi et al. 2016; Bezerra et al. 2019)
•	 For the production of heavy-duty bricks (Ezzat et al. 2016)
•	 For manufacturing of lightweight concrete (Tekin 2016)
•	 As a high-quality subgrade, sub-base, and base material in road construction 

projects (Kua et al. 2016; Hoy et al. 2017; Tahir et al. 2019; Xiao et al. 2020)
•	 For self-compacting rammed earth construction (Cristelo et al. 2012)
•	 For geopolymer-treated subgrade materials (Phetchuay et al. 2014; 

Sukprasert et al. 2019)
•	 For the production of soil–fly ash geopolymer brick (Leong et al. 2018)
•	 For manufacturing unfired lightweight masonry units using geopolymer-

stabilized soft soil (Sukmak et al. 2019)

16.5  CONCLUSIONS

Geopolymerization is a procedure of polycondensation that includes the dissolution 
of alumina and silica from a source with the occurrence of a certain alkaline acti-
vator. Usually, discarded raw FA is employed as a precursor in geopolymerization, 

FIGURE 16.4  Percentage distribution of incorporation of precursors fly ash, metakaolin, 
and slag in geopolymerization in recent reviews.
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which is harmful to our health and ecological system. The voluminous consumption 
of this hazardous discard is possible either in concrete industries or for soil stabiliza-
tion. The application of these wastes in developing geopolymers also assists in reduc-
ing CO2 emissions from the construction industry. Consequently, the novel practice 
of geopolymerization ultimately results in sustainable development and cleaner pro-
duction of the cementitious binder.
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17 Biotechnological 
Approaches for Reaching 
Zero Waste from 
Agro-Food Wastes

G Deepika and Ravi-Kumar Kadeppagari

17.1  INTRODUCTION

The zero-waste concept has been adopted in various fields, including agriculture, min-
ing, manufacturing, transportation and urban development. A zero-waste approach has 
to be sustainable, and it should make the earth a better place in which to live. Though 
this approach is excellent and should be a futuristic approach, the majority of zero-
waste methods are focused on resource recovery, reuse and recycling, which does not 
yield new products nor valorize the material. Different wastes generated during manu-
facturing, construction activities, domestic activities, agriculture and food processing 
activities will harm the environment. Also electronic waste, plastic materials and sew-
age are posing serious ecological problems. Various chemical and physical approaches 
have been used to address problems created due to waste. However, these methods 
again generate accessory wastes, harmful chemicals and emissions, which are not good 
for the environment. In this context, biotechnological approaches are more promising.

Biotechnological methods are more sustainable and environmentally friendly while 
reaching zero waste. Biofuels have long been used as a source of energy, and biofuels 
have been produced from the food, urban and agricultural wastes. Recently, enzymes 
have been used for the production of bioethanol from lignocellulosic waste. This is one 
of the promising biotechnological approaches for producing eco-friendly fuel from plant 
biomass, which is available in huge amounts and discarded as waste. Also, hydrogen has 
been explored as a green alternative fuel to fossil oils, and it was produced by eco-friendly 
dark fermentation by utilizing organic substrates and microorganisms. Used cooking oil 
as a source of biodiesel has been attracting many people since it generates less emissions.

Wastes contain valuable materials, and they should be viewed as salvageable 
resources while adopting zero-waste approaches. Bioconversion methods like bio-
remediation, biopulping, biosorption, biofiltration and bioleaching were utilized in 
order to obtain precious products like metals, industrial chemicals, bioactive com-
pounds, etc. from various wastes. These conversion technologies utilize various 
organisms and enzymes. They are also utilized in different fermentation methods in 
order to transform different agricultural and food wastes into valuable biochemicals, 
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biofuels, biopolymers, etc. These biotransformation technologies will facilitate the 
circular economy. The biopolymers obtained can be utilized for making packaging 
materials that are biodegradable. This will reduce our dependency on synthetic plas-
tics, which are a serious threat to the environment. Recently, utilization of microbes 
and their enzymes for the degradation of synthetic plastics was attempted at small 
scales. Also, microbes were explored for the production of bioplastics. However, 
these efforts were not successful at commercial scale due to higher costs.

In this chapter, we have focused on some of the recent developments on 
biotechnology-driven zero-waste approaches. They are integrated methods for the 
production of biofuels and biodegradable plastics, anaerobic co-digestion process for 
treating different wastes simultaneously, utilization of immobilized enzymes for valo-
rization of waste, photobiological reactors for remediation of wastewaters, zero-waste 
biorefineries for driving a circular economy, bioremediation by utilizing biofunction-
alized nanomaterials, microbial fuel cells for reaping bioenergy, utilization of waste 
cooking oil as biodiesel, biosorbents from microbial and agricultural wastes, and more.

17.2 � BIOTECHNOLOGICAL APPROACHES FOR REACHING 
ZERO WASTE FROM AGRO-FOOD WASTES

17.2.1 A naerobic Co-digestion

In mono-digestion, biogas will be produced from a single kind of feedstock, where as in 
the co-digestion process, two different feedstocks will be used in the digester in order 
to produce biogas. Co-digestion was used initially for balancing the carbon to nitrogen 
(C/N) ratio of feedstocks since some are rich in carbon and few are rich in nitrogen 
content. During this process, one can alter the composition of the feed or waste to obtain 
the optimum C/N ratio depending on the waste composition and microbial consortium. 
Wastewater treatment plants across the globe are shifting towards this co-digestion pro-
cess for increasing the output of biogas. One plant at Mesa, Arizona, USA, successfully 
used solid food waste and sewage sludge for evaluating the co-digestion process. Also, 
sewage sludge was co-digested with restaurant waste that was rich in lipid.

Biogas is a major contributor towards achieving the goals of a zero-emission 
economy since it will burn clean and reduce carbon emissions. Wastewater treatment 
plants in Australia have generated 187 GW of electricity per year through biogas, and 
they have generated additional electricity of 5.5 GW by adopting an anaerobic co-
digestion process [1]. Hence, diverting organic waste from urban areas, restaurants 
and landfills will lead towards achieving the target of zero carbon emissions by 2040.

17.2.2 � Integrated Methods for the Production of 
Biofuels and Biodegradable Plastics

Bioethanol or bioplastics can be produced from organic waste in a fermentation pro-
cess by utilizing specific microorganisms. Hence, organic waste is considered as 
a valuable renewable source. The physical and chemical characteristics of polyhy-
droxyalkanoates (PHAs), aliphatic polyesters and polylactides are similar to those of 
synthetic plastic. Hence they are called bioplastic polymers. PHAs are produced by 
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using bacteria [2, 3]. Organic wastes of starch, molasses, food and dairy, and waste-
water were promising during the simultaneous production of bioenergetic materials 
(biohydrogen and biomethane) and biopolymers [2].

Purple non-sulfur bacteria such as Rhodopseudomonas palustris, R. sphaeroides, 
Rhodospirillum rubrum and Bacillus spp. will simultaneously produce PHA and 
hydrogen when nutrients are limited [2, 4]. Fermentation will be carried out at two 
stages while transforming the glucose into PHA and hydrogen by using Bacillus spp. 
Batch fermentation was carried out for an initial three days by using B. thuringiensis 
EGU45 and B. cereus EGU44, and 1.67–1.92 mol of hydrogen was produced per mol 
glucose. During a later two days, a PHB yield of 11.3% was obtained [5]. More stud-
ies need to be carried out by using integrated processes.

17.2.3  Immobilized Enzymes for Valorization of Waste

It is disadvantageous to use free enzymes for industrial purposes since they will have 
less stability and be lost in the process. Application of enzymes has gone up in many 
sectors, including production of biofuels, food processing, biomedical, laundry, phar-
macy, transformation of agro-industrial waste, etc. [6]. Enzyme molecules are immo-
bilized onto or into bigger inert structures by using different methods like adsorption 
covalent bonding, encapsulation, etc. Protease enzymes can be used for converting 
protein-rich wastes (poultry, dairy, soy bean, oil seeds) into valuable polymer pre-
cursors. Immobilized trypsin can be used for hydrolyzing whey protein, which is 
generated as a dairy waste. Immobilized aspartic protease was reported to hydrolyze 
concentrates of whey protein into peptides having antioxidant properties [7]. Amylase 
enzyme produced by the immobilized cells of S. cerevisiae and Aspergillus awamori 
could lead to the cassava starch hydrolysis and ethanol production in the liquid-air 
culture system [8]. Immobilized pectinase was highly resistant to acidic conditions, 
and pineapple juice was clarified by using this enzyme [9]. Stability of the pectinase 
was improved by immobilizing it on the nanoporous activated carbon that was func-
tionalized [10]. Lipases of Rhizomucor miehei and Candida antarctica were immobi-
lized onto functionalized silica, and this enzyme system was used for treating waste 
cooking oil to obtain higher levels of biodiesel [11]. In another study, aromatic esters 
were synthesized by using lipase that was immobilized on activated carbon [12].

17.2.4  Photobiological Reactors for Remediation of Wastewaters

Photobiological reactors are promising for degrading the harmful compounds pres-
ent in wastewaters. Different microbiological agents like immobilized Aspergillus 
niger, alkali or oil degrading bacteria, cyanobacteria, yeast, Halomonas spp., algae, 
and photosynthetic and acidogenic bacteria are used in these reactors. Different 
methods like photo-enhanced degradation, photo-activated degradation, photo-
catalytic degradation and photo-fermentation were used with these reactors. The 
strains Pseudomonas aeruginosa strain B, Rhodococcus erythropolis G2 and 
Achromobacter piechaudii O1 showed 38%, 84% and 93% degradation of hexadec-
ane in the polluted waters, respectively [13]. Species of cyanobacteria and microal-
gae will grow efficiently in wastewater, and they can be exploited for the production 
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of biofertilizers, bioactive molecules and biofuel in the reactors or ponds for the sus-
tainable agriculture and environment [14]. Textile dye effluents were anaerobically 
degraded by using species of Halomonas [15]. Algae and bacteria were used together 
in the photo sequence batch reactor for removing nitrogen from wastewater [16].

17.2.5 Z ero-Waste Biorefineries for Driving a Circular Economy

Excessive use of fossil fuels led to a tremendous increase in the concentration of green-
house gases, which in turn led to grave climatic changes. With similar use of fossil fuels, 
CO2 levels will increase to 40 and 50 Gt by 2030 and 2050, respectively [17]. Hence, 
one has to depend on other sources to meet energy demands and for reducing carbon 
footprint. In this context, biorefineries are promising and sustainable for meeting energy 
demands with a reduced carbon footprint. One such biorefinery is the one that converts 
food waste into biodiesel or biogas. Another is the one that converts lignocellulosic 
waste into bioethanol. Algal biorefineries are used to sequester CO2 into biomass, and 
algal species like Laminaria japonica, Undaria pinnatifida and Porphyra are used [18]. 
The biomass will be converted into sugars, biochar and biogas, and sugars will be fer-
mented into bioethanol and CO2, which in turn will be sequestered into biomass. Here, 
products will have end use or will be cycled back as substrates, leading to a circular 
economy. Finally, nothing will be discarded as waste into the environment.

17.2.6 B ioremediation by Utilizing Biofunctionalized Nanomaterials

Integrating biomaterials with nanoparticles will lead to the formation of biofunc-
tionalized nanomaterials, which can be used for potential environmental applica-
tions. Enzymes, biopolymers, nucleic acids and biosurfactants are the biomaterials 
commonly used for functionalizing nanoparticles. Chitosan was integrated with 
magnetic nanoparticles and used for neutralizing metals in polluted water. It forms 
chelates with metal ions, which will be attached on the surface of chitosan, and che-
lates can be separated by applying a magnetic field. A cellulose acetate film coated 
with TiO2 could be able to remove methylene blue dye from polluted waters [19]. 
Lead-specific metalloprotein was cross-linked with calcium alginate nanoparticles 
and used to recover lead from industrial effluents [20]. Magnetic nanoparticles were 
encapsulated with chitosan, then laccase enzyme was conjugated to chitosan. This 
biofunctionalized material was used for removing dyes and hydrocarbons from the 
polluted water. A biosensor fabricated by using urease enzyme and nanoparticles of 
ZnO was used for detecting urea in the polluted water [21]. Soy protein with iron-
based nanoparticles was used for removing different oil-based pollutants [22].

17.2.7 M icrobial Fuel Cells for Reaping Bioenergy

Microbial fuel cells (MFCs) are promising for the generation of electricity and biohy-
drogen. These MFCs can also be used for wastewater treatment and biosensor devel-
opment. These cells are promising for zero waste and a circular economy. Different 
carbon sources in the wastewater can be converted into electricity by using MFCs [23]. 
The main components of these cells, i.e., electrodes, membrane and microbes, will dic-
tate the performance and cost of MFCs [24]. Glucose, sucrose, acetate, complex sub-
strate, lactate, marine sediment, wastewater or sewage sludge was used in the single- or 
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double-chambered MFC to generate electricity [25]. Maximum power density of 6000 
mW/m2 was obtained in single-chamber MFC with sewage sludge. Different bacterial 
species with (Klebsiella, Proteus, Gluconobacter, Streptococcus, etc.) or without medi-
ator (Desulfomonas, Geobacter, Aeromonas, Pichia) were used for generating electric-
ity in MFCs. However, these cells should be scaled up to commercial levels.

17.2.8 U tilization of Waste Cooking Oil as Biodiesel

Nowadays, waste cooking oil has been explored as a feedstock for the production of 
biodiesel, which has a distinct advantage over petroleum-based biodiesel in terms of 
emissions. Biodiesels will extensively reduce the emission of particulate matter and 
toxic substances in the environment. They will reduce pollution without compromising 
on the values of heat of combustion. Different processing technologies were adopted 
for converting vegetable oils into biodiesel [25], and the transesterification step will 
reduce the viscosity of vegetable oils, which will be favorable for biodiesel production. 
Used cooking oils can also be used for producing bioasphalt, bioplasticizer, solvents, 
polyhydroxy alkanoates, green lubricants, biosurfactants, liquid detergents, etc.

17.3  CONCLUSIONS

Zero-waste technologies are promising for a circular economy and sustainable envi-
ronment. Biotechnological methods are eco-friendlier and more sustainable for achiev-
ing zero waste. Hence, biorefineries are more viable for a circular economy, which can 
drive us towards a sustainable planet. However, these zero-waste technologies are cur-
rently at small scale, though a few of them are scaled up to a commercial level. Hence, 
more zero-waste technologies should be scaled up to commercial scale in order to cre-
ate a circular economy faster and prevent further environmental damage.
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Need for Detailed 
Landslide Inventory Maps 
and Landslide Databases 
in Indian Context
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18.1  INTRODUCTION

A ‘landslide’ can be defined as any mass movement (earth, rock or debris) in the 
downslope direction, under the influence of gravity (Cruden and Varnes 1996). 
Landslides can be triggered due to multiple factors, such as heavy rainfall, earth-
quakes, volcanic activities, snow melting and other anthropogenic factors. The 
triggering factors can result in multiple landslide types, depending upon the topo-
graphical and hydro-geological settings of the affected area. The most widely fol-
lowed landslide classification is the one proposed by Varnes (Varnes 1978) and its 
update by Hungr et al. (2014). The classification is primarily based on the type of 
failure and then based on the material involved. Thus, the movements of rock or 
earth or debris in the form of fall, topple, slide, spread, flow or any slope deforma-
tions can be termed landslides. In practice, most landslides occur as a combination 
of two or more types, and it is difficult to classify the landslide into a single cat-
egory. Locating and mapping of landslide events are of utmost significance, as the 
data is highly useful in landslide hazard zonation of the region (Guzzetti et al. 2012). 
It is well accepted that occurrence of landslides follows previous landslides, and the 
topographical and hydro-geological settings of historical landslides can be used to 
identify similar locations. The collection of location, date of occurrence (if known), 
type of landslide and other details about the landslide can be termed as landslide 
inventory mapping (Pašek 1975). Such maps are prepared for different purposes and 
are one of the most important inputs in landslide hazard assessment. The inventory 
maps can be used to record the extent of landslide hazard in an area, ranging from 
small watersheds or valleys (Santangelo et al. 2015) to the whole country (Trigila 
et al. 2010). Once the data is collected, it can be used as an initial step in assessing 
the landslide hazard and risk (van Westen et al. 2006; Abraham et al. 2021a, 2021b), 
as they will provide relevant information regarding the relationship between occur-
rence of landslides and the topographical and geological settings of the region. The 
inventory maps provide critical information to the process of landscape evolution as 
well (Parker et al. 2011).
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It is well accepted that landslides do not occur at random locations and are the result of 
physical processes making a slope unstable. Thus, the processes can be modelled math-
ematically, and the stability of slopes can be calculated deterministically using process-
based approaches (Baum et al. 2008; Alvioli and Baum 2016), or such locations can 
be identified using historical data, through statistical or machine learning approaches 
(Pradhan 2010). Even in the case of process-based models, landslide inventory maps are 
necessary to evaluate the performance of the model. Thus, landslide inventory maps of 
the past and the present are the keys to identify the landslide-prone areas in the future. 
This is based on the assumption that the conditions that led to slope instabilities in the 
past will lead to the same situations in the future (Guzzetti et al. 2012).

Preparation of landslide inventory maps in many countries is a task designated to 
government agencies and, in recent days, the availability of remote sensing data has 
made the procedure much easier. The primary assumption in mapping landslides is 
that the landslides leave recognizable signs, which helps in the identification, clas-
sification and mapping in the field and through the interpretation of aerial and satel-
lite images (Guzzetti et al. 2000). The classification is done using the morphological 
signature of a landslide (Cruden and Varnes 1996), assuming the same type of mass 
movements will result in similar signatures. Identifying these signatures from aerial 
or satellite-based sources is a difficult task, and utmost care should be taken while 
classifying the landslides using these sources (Guzzetti et al. 2012).

Geomorphological field mapping is the oldest and most widely practiced approach 
for preparing landslide inventories, but the intensive field-based data collection is now 
mostly replaced by aerial and satellite-based images. The field mapping approach has 
many limitations due to the size of the landslide. Mapping is not easy when the size 
of a landslide is large and it is difficult to see the whole picture in the field, whereas 
visual interpretation of aerial or satellite images can overcome these limitations. The 
latter approach is easier and can be carried out with the help of an expert. However, 
when the studied region has very thick vegetation, small-scale landslides might not 
get noticed in satellite images. This significantly affects the completeness of an inven-
tory map. The extent of the study area, characteristics of the available imagery and 
the purpose of the inventory map determine the method to be adopted for landslide 
inventory mapping. When aerial surveys cannot be conducted immediately after the 
hazard, then one has to rely on satellite-based data alone to map the landslides; also 
when the extent is too large, field mapping will be a difficult task. The cloud cover of 
monsoon season makes it difficult to get clear images immediately after the disaster. 
In this study, we have mapped the landslides that happened along the road stretch 
between 9.621o N, 76.847o E and 9.584o N, 76.885o E, on 16 October 2021, through 
field mapping and through visual interpretation of satellite images. The field mapping 
was carried out three days after the event, to locate and classify the landslides. Later, 
satellite images were also used for mapping, and a comparison was made to under-
stand the advantages and limitations of both approaches.

18.2  STUDY AREA

Rainfall-induced landslides are a critical concern for hilly regions across the world, and 
they result in critical socio-economic setbacks in different parts of India (Bulzinetti  
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et al. 2021; Satyam and Abraham 2021, 2022). Kerala is one of the southernmost states 
of India, running along the western coast. Among the 14 districts in the state, 13 are 
parts of Western Ghats (Gadgil et al. 2011), the most prominent orthographic feature 
of peninsular India (Kuriakose 2010). The study area belongs to the state of Kerala, 
between 76.83o E and 76.89o E longitudes and 9.57o N and 9.53o N latitudes. The land-
slide inventory map is prepared along a road stretch between 9.621o N, 76.847o E and 
9.584o N, 76.885o E (Figure 18.1). The 9.54-km-long stretch was affected by several 
landslides due to heavy rains on 16 October 2021. The study area is part of the catch-
ment basin of Pullakayar (Figure 18.2), and all the drainage paths along the road are 
tributaries of this river. Farther downstream, Pullakayar joins with another river and 
flows together as the Manimala River. Multiple debris flows and shallow landslides 
created havoc in the river basin on 16 October 2021. The debris flows and flash flood-
ing in the river destroyed hundreds of houses and seven bridges, leaving many people 
homeless. Many debris flows happened in the region in t 2018, and a major debris flow 
of 2.6 km runout happened on 6 September 2020, at the upstream side of Pullakayar, 
where the stream originates, initiating the process of drainage divide in the basin. 
However, these events went unnoticed as there were no casualties associated with 
them. One major debris flow happened on the considered road stretch, which resulted 
in the loss of six lives. The area is very close to the administrative boundaries of two 
landslide-prone districts of the state, Kottayam and Idukki. The regions on the west-
ern side of Pullakayar belong to Kottayam district and on the east, it is Idukki district.

The charnockite group dominates the geology of the region. Medium to coarse-
grained charnockite, dark grey quartz and granite are observed in the region. Soil 
along the road has both cohesive and frictional properties, formed by weathered 
laterite. The colour of soil varies from red to dark brown, indicating the presence of 

FIGURE 18.1  Study area location map: (a) map of India, and (b) road stretch and stream 
layers overlaid onto an elevation map of the region.
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organic content. Granite is exposed at several locations along the road stretch. As 
observed from Figure 18.1, the elevation of the region varies from 50 m to 585 m in 
a short span, resulting in steep topography. The variation in elevation is significant 
in the first 7 km of the stretch, and most failures have occurred in the same span.

The location has experienced very heavy rainfall on 15 and 16 October 2021, and 
per the records of the India Meteorological Department, the rainfall at nearby town 
Peermedu on 16 October was 240.5 mm. The rainfall was continuous for around 8 
hours and 30 minutes, indicating an intensity of 28.23 mm/h, which is much higher 
than the critical rainfall thresholds defined for the region (Abraham et al. 2021c). 
Extremely heavy rainfall triggered multiple landslides along the road stretch and, in 
this study, an attempt was made to prepare landslide inventory maps, using both field 
mapping and satellite images.

18.3  LANDSLIDE INVENTORY DATA

18.3.1  Field Mapping

The inventory data consists of landslide type, locations, and morphological signa-
tures. The visibility issues using both approaches are also discussed. Most failures 
are shallow landslides, while debris flows are also recorded along the preexisting 
flow paths. The road crosses the drainage channels at multiple locations, and the nat-
ural flow path is obstructed due to the construction activities (Figure 18.2). The land-
slide locations identified during field visit are marked in Figure 18.2. As the crown  
points of most landslides were not accessible at the field, locations are marked at the 
nearest points accessible from the road.

Cut slopes along the roadside without proper lateral support have failed in mul-
tiple modes and disrupted the transportation facilities. A total of 56 landslides were 
located during the field visit, and were numbered from LS 1 to LS 56, based on their 
occurrence, from L1 to L2, and the directions, left and right are also mentioned with 
respect to the direction from L1 to L2. The landslides LS 1, LS 2 and LS 3 are located 
very near each other. As it can be observed from Figure 18.1, the left side of the 
road is at higher elevation and the right side at lower elevation at the initial portions. 
And hence, most failures up to LS 52 have happened along the left side of the road. 
Beyond the location of LS 52, the elevation reduces considerably, and the failures 
have happened on the right side of the road.

The landslides LS 1, LS 2 and LS 3 are located very near to each other. LS 1 has 
a height of around 3 m from the road level, and the layered bedrock is exposed after 
the failure (Figure 18.3). LS 2 and LS 3 are located on either side of a house, where 
the retained earth has failed. At LS 1, highly weathered bedrock is exposed and has 
two distinct scarps. At LS 3, the failure is rotational, and the rock is not exposed. The 
stretch between LS 4 to LS 8 has failed continuously along the left side of the road, 
and the failures are located close to each other (Figure 18.3). LS 4 and LS 5 are very 
shallow failures of around 1.5 m height from the road level. The vegetation is very 
heavy at these locations, which makes it difficult to be viewed in aerial or satellite-
based images. LS 4 has two scarps, and the failure is rotational. LS 6 and LS 7 have 
two different scarps, and the failed mass converged and got deposited together on the 
roadside. Both failures are rotational, and at LS 6, the failed material is composed of 
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FIGURE 18.2  Landslide inventory data, overlaid on pre-event Google Earth image.

FIGURE 18.3  Landslides at locations 1 to 8: (a) LS 1, (b) LS 2, (c) LS 3, (d) LS 4, LS 5, (e) 
LS 6, LS 7 and (f) LS 8.

both soil and rock, while LS 7 is a case of earth slide. LS 8 is a long failure on the left 
side of the road, where the masonry retaining wall of an agricultural land has failed. 
The failure is translational, and the bedrock is not exposed, but the rubbles used for 
masonry have also failed along with the soil mass.
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LS 9 and LS 10 are also on the left side of the road, very near to LS 8. Both fail-
ures are very similar to each other, in terms of dimensions and failure time. Both 
soil and weathered rock pieces have failed in the case of LS 9, while in the case of 
LS 10, the failed mass is soil (Figure 18.4). Immediately after LS 9 and LS 10, LS 
11 is also on the left side of the road. The landslide has two separate scarps, one 3 
m wide and one around 1 m wide. The failure is translational, and the material is 
composed of soil and weak lateritic rock pieces. The first debris flow of the study 
area is LS 12, which crosses the road and flows down further downstream. The 
location of the crown and the zone of deposition are not visible from the road. The 
bedrock is clearly exposed in this zone of erosion near the road, and the material that 
got deposited in the road was removed immediately to make the traffic open. LS 14 
is the second debris flow in the considered stretch, and LS 13 is a shallow landslide 
where soil is exposed, between LS 12 and LS 14. Similar to LS 12, bedrock is visible 
in the upper portions of LS 14, but the amount of debris deposited along the road is 
more in the case of LS 14.

LS 15 and LS 16 are located immediately after a house, and LS 14 is just before 
the house. LS 15 is also a debris flow, and the debris got deposited along the way  
to the house and had blocked the road. No failure has happened below the road level 
at LS 15. LS 16 is a rotational failure very near to the debris flow location. The bed-
rock is exposed here, and from Figure 18.4 and Figure 18.5, it can be understood that 
a granite layer is available at very shallow depths from the surface. LS 17 and LS 18 
are located very near to each other, and LS 18 is a clear rotational failure with a very 
minor flow path. Bedrock is also exposed at LS 18.

More shallow failures were recorded along the road, and LS 19 and LS 20 are 
located around 200 m from the location of LS 18. Both LS 19 and LS 20 are shal-
low failures with rotational slip surfaces. The location has deposits of boulders of 
around 0.6 m × 0.6 m × 0.5 m dimension, along the roadside. The fragmented rocks 
are exposed at LS 20, as shown in Figure 18.6, while the material detached at LS 
19 is lateritic soil. A translational failure is observed in LS 21, where the failure has 

FIGURE 18.4  Landslides at locations 9 to 13: (a) LS 9, LS 10, (b) LS 11, (d) LS 12—runout 
path above road level, (d) LS 12—runout path below road level, (e) LS 13.
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FIGURE 18.5  Landslides at locations 14 to 18: (a) LS 14—runout path above road level, (b) 
LS 14—runout path below road level, (c) LS 15, (d) LS 16 and (e) LS 17, LS 18.

FIGURE 18.6  Landslides at locations 19 to 23: (a) LS 19, LS 20, (b) LS 21, (c) LS 22, (d) LS 
23, (e) LS 24 and (f) LS 25.

occurred along a joint plane. Cracked rocks are exposed at the location. LS 22 is 
located very near to LS 21, where the masonry retaining wall has failed, exposing 
the bedrock. The exposed rock is jointed, and the failed material is partially depos-
ited along the failure and may get eroded during further rainfall. LS 23 is located 
around 370 m away from the location of LS 22, along the road. The soil has failed 
with a rotational slip surface, and the location has an active flow path passing across 
the road. There are higher chances of further debris flows along this path. LS 24 is 
a 20-m-long translational failure with a single scarp. Even though the thickness of 
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failed material is very less, around 0.6 m, a few trees are uprooted in the failure. 
LS 24 is a minor failure that happened around 700 m away from the location of LS 
23. The scarp is located around 10 m away from the road, and the failed material is 
deposited along the mud road on the left side of the road.

LS 26 and LS 27 are located around 400 m away from the location of LS 25. LS 
26 is a shallow rotational failure where jointed rocks are exposed, and LS 27 is a 
debris flow. The flow path of LS 27 is preexisting, and the material got deposited 
because of a new failure (Figure 18.7). LS 28, LS 28 and LS 29 are three shal-
low failures located very near to each other. At LS 28 is a rockslide with a transla-
tional slip surface. The layered rock has disintegrated into small pieces upon failure. 
Sedimentary layers are visible at the exposed surface. LS 29 and LS 30 have similar 
modes of failure, with two significant scarps. A thick layer of soil of around 1 m 
thickness has failed in both cases with rotational slip surface. The mobilization of 
failed mass at LS 29 is partially restricted by the roots exposed at the location. LS 
31 and LS 32 are two debris flows that have happened through preexisting paths. 
The crowns are not visible from the road, and the deposited material is composed of 
fragmented rock pieces and soil.

The landslides LS 33, LS 34, LS 35 and LS 36 are located within a 140 m stretch. 
The failures are shallow and are poorly visible from the road, due to vegetation 
cover. The failure is translational in the case of LS 33. The face failure has a depth of 
1 m, and the failed mass got deposited along the slope itself. The thickness of failed 
mass is around 60 cm at LS 33, and the same is around 30 cm at LS 34 and LS 35. 
LS 34 and LS 35 are also slope face failures with circular slip surfaces. At LS 36, the 
mode of failure is partially translational and partially rotational. The slope is almost 
vertical at the location, and there are high chances of retrogression. LS 37 and LS 
38 happened around 100 m away from the location of LS 36, and a house is located 
between the failures (Figure 18.8). LS 37 is a rotational earth slide, which happened 
on the slope face, with the location of scarp around 5 m above the ground level of 
the house. The slope vertically retains earth behind the house, and there are chances 

FIGURE 18.7  Landslides at locations 24 to 32: (a) LS 26, LS 27, (b) LS 28, (c) LS 29, (d) LS 
30, (e) LS 31 and (f) LS 32.
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of further erosion at the location. LS 38 has occurred along a preexisting path where 
rock is exposed. The material, including cobbles and fine material, got deposited 
along the road and have travelled further downstream, to reach the river.

LS 39 and LS 40 are located 50 m apart from each other. LS 39 is a debris flow, 
through a preexisting path. Bedrock is exposed on the upper side of the road, and 
minor damages have happened to the retaining wall along the road (Figure 18.9). 
The deposited mass had completely blocked the road and was removed immediately. 
LS 40 is a shallow failure with partially rotational and partially translational failure. 
The exposed soil mass is loose and is prone to erosion.

Around 50 m away from LS 39, three failures were marked very near to each 
other, LS 41, LS 42 and LS 43. LS 41 has three different scarps, and bedrock is 
exposed at the failure through one scarp, as observed in Figure 18.10, indicating the 
possibility of further failure along the layer of separation of loose soil and bedrock. 
At LS 42, a highly fragmented rock has failed along a joint plane, further exposing 
the stratified bedrock. Granite is exposed at LS 43 also, where soil has failed along 
a rotational slip surface (Figure 18.10). LS 44 is a retaining wall failure, where the 
masonry got detached from the retained earth along a translational surface, and the 
soil mass has failed in the orthogonal direction along a rotational surface. LS 45 is 
located around 180 m away from the location of LS 44. The failure occurred along a 
vertical slip surface, very near to a granite quarry.

LS 46 has happened 375 m away from the location of LS 45, where organic silty 
soil has failed along a rotational slip surface. Granite bedrock is exposed very near 
to this location, and medium to large-sized rock pieces are deposited very near to the 
failure. LS 49 is another shallow toe failure with a rotational and translational slip 
surface and three different scarps (Figure 18.11). The failed material is composed 
of soil and weathered rock pieces, and dense laterite is exposed along the failure 
surface. LS 48 has a clear translational slip surface, and loose soil detached from the 

FIGURE 18.8  Landslides at locations 33 to 38: (a) LS 33, (b) LS 34, LS 35, (c) LS 36, (d) 
LS 37, and (e) LS 38.
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FIGURE 18.9  Landslides at locations 39 and 40: (a) LS 39—runout path above road level, 
(b) LS 39—runout path below road level and (c) LS 40.

FIGURE 18.10  Landslides at locations 41 to 44: (a) LS 41, (b) LS 42, (c) LS 44, (d) LS 44, 
and (e) LS44.
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slope, obstructing the road. LS 49 has a circular slip surface, where soil is detached, 
and weathered laterite is exposed at several locations. LS 50 is a combination of 
multiple shallow failures, where weathered laterite is exposed. LS 51 is very similar 
to LS 49, where the soil is detached from the dense laterite, along a rotational slip 
surface.

LS 52 is the most critical landslide along the path, a debris flow which claimed 
six lives from the same family. The house was destroyed, and all the members were 
inside the house during the event. The location is Kaavali, a debris slide has pro-
gressed at a flow, and joined the channel downstream (Figure 18.12) around 1 pm 
on 16 October 2021. The failed mass is deposited along the flow path, and there are 
high chances of further runoff-triggered debris flows due to the loose debris deposits. 
Fragmented rocks and boulders are deposited along the stream.

The road runs parallel to the stream from the location of LS 52. LS 53 is located 
parallel to the zone of deposition of LS 52, where thick regolith deposits are observed. 
All three failures are located nearby and have rotational slip surfaces through which 
soil has failed (Figure 18.13). The road was blocked by landslides on both sides of LS 
52, which delayed the rescue operations. LS 53 to LS 56 have occurred in the stretch 
which connects the location of LS 52 to the nearby town. LS 56 is a riverbank failure, 
which happened due to flash floods. The debris deposits have raised the water level 
in the river, damaging several culverts, bridges and riverbanks.

18.3.2 V isual Interpretation of Satellite Images

The satellite images from passive sensors during daytime after the disaster were 
used for visual interpretation and detection of landslides. High vegetation cover and 
clouds during monsoons are the major challenges in detecting landslides using satel-
lite images. The vegetation regrowth is very fast in the region, which protects the 
exposed soil from further erosions. The case studies conducted by the authors for 

FIGURE 18.11  Landslides at locations 46 to 51: (a) LS 46, (b) LS 47, (c) LS 48, (d) LS 49, 
(e) LS 50 and (f) LS 51.
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FIGURE 18.12  Landslides at location 52: (a) view of LS 52 from road, (b) crown area of 
LS 52, (c) runout path of LS 52 and (d) runout path of LS 52 flowing along with the stream.

large debris flow locations in Western Ghats have indicated that the deposited debris 
along the flatter region also gets stabilized and covered with vegetation within a year, 
in this region. The images from Sentinel-2 L2A, Landsat 8 T1, Landsat 8 T2 and 
Landsat 7 RT from 16 October to 31 December 2021 were continuously evaluated to 
detect the landslides. The natural colour images with bands B04, B03 and B02 were 
used for the interpretation. The images were collected from a Landviewer portal 
(Landviewer 2021), with a quality of 5 m per pixel. The list of images, sun elevation 
and cloudiness are reported in Table 18.1.

Two scenes from Sentinel 2 cover the road stretch, and hence two images are 
available on the same day. The images from 15 December 2021 were found useful 
in detecting landslides, as the cloud cover was lesser. On 9 December 2021, even 
though an image with 10% cloud cover was available, it had cloud cover above the 
study area and was not much useful. Both Sentinel images on the same day had 
provided very similar images except in the case of 29 December. Among the 54 
landslides identified from the field mapping, only three were clearly visible in the 
satellite images. The three debris flows, LS 27, LS 31 and LS 52, were visible from 
the satellite images. While LS 52 is clearly visible, the runout zone below the road 
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level is visible in the case of LS 27 and LS 31. Some other major debris flows were 
also detected in the considered region, as shown in Figure 18.14, which are away 
from the road stretch.

The results from satellite images were used to calculate the dimension of the 
debris flows. Mapping debris flows from the field is extremely difficult, particularly 
due to their massive size. The dimensions are difficult to measure at the field. The 
satellite images were helpful in detecting the failures away from the road as well. 
The images have also provided a better picture about the location and distances 
between different landslide locations. Furthermore, some more major debris flows 
that happened in the region were mapped using the satellite images, because a wider 
area can be investigated in a short span of time using this approach, and the debris 
flows identified are marked in Figure 18.14.

Figure 18.14 shows a larger area when compared to the road stretch, and four 
more debris flows are identified in the region. Two of them are catastrophic events, 
resulting in loss of lives. All these debris flows have happened through existing flow 
paths or paths with very high value of flow accumulation, forming new tributaries 

FIGURE 18.13  Landslides at locations 53 to 56: (a) LS 53, (b) LS 54, (c) LS 55 and (d) 
LS 56.
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TABLE 18.1
Details of Post-Event Satellite Images

Sl No Name of Sensor Date Sun Elevation (degrees) Cloudiness (%)

  1 Sentinel 2 L2A 20 October 2021 64   67

  2 Sentinel 2 L2A 20 October 2021 63   71

  3 Landsat 7 RT 20 October 2021 47   74

  4 Sentinel 2 L2A 25 October 2021 62   56

  5 Sentinel 2 L2A 25 October 2021 62   63

  6 Landsat 8 T1 28 October 2021 59   32

  7 Sentinel 2 L2A 30 October 2021 61 100

  8 Sentinel 2 L2A 30 October 2021 61 100

  9 Sentinel 2 L2A 04 November 2021 60   99

10 Sentinel 2 L2A 04 November 2021 59   96

11 Landsat 7 RT 05 November 2021 44   65

12 Landsat 8 T2 13 November 2021 55   23

13 Sentinel 2 L2A 14 November 2021 57   94

14 Sentinel 2 L2A 14 November 2021 57 100

15 Sentinel 2 L2A 19 November 2021 56   56

16 Sentinel 2 L2A 19 November 2021 56   73

17 Sentinel 2 L2A 24 November 2021 55 100

18 Sentinel 2 L2A 24 November 2021 55 100

19 Landsat 8 T1 29 November 2021 51   96

20 Sentinel 2 L2A 29 November 2021 54 100

21 Sentinel 2 L2A 29 November 2021 54   99

22 Sentinel 2 L2A 04 December 2021 53   96

23 Sentinel 2 L2A 04 December 2021 53   78

24 Sentinel 2 L2A 09 December 2021 52   10

25 Sentinel 2 L2A 09 December 2021 53   52

26 Landsat 8 T1 15 December 2021 49   23

27 Sentinel 2 L2A 19 December 2021 51     0

28 Sentinel 2 L2A 19 December 2021 52   12

29 Sentinel 2 L2A 24 December 2021 51     0

30 Sentinel 2 L2A 24 December 2021 51     1

31 Sentinel 2 L2A 29 December 2021 51     2

32 Sentinel 2 L2A 29 December 2021 51     0

to the river. The debris flow affected area and the reported casualties are listed in 
Table 18.2. 

The debris flow events DF X3, LS 52 and DF X4 have resulted in loss of lives 
while others resulted in flash floods in the rivers. All events till DF X4 have happened 
in Pullakayar basin itself, while the events LS 12, LS 27 and LS 31 have damaged 
the road, and DF X1 and DF X2 have not created any direct impacts, other than the 
debris deposits to the stream network. These roads were inaccessible during the time 
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FIGURE 18.14 Debris flows marked using satellite images, overlaid on Sentinel 2 L2A 
image on 29 December 2021.

TABLE 18.2
Details of Debris Flows Mapped from Satellite Images

Sl No. Name Location Approximate Area (m2) Runout Length (m) Casualties

 1 LS 12 Kuzhumpally   4000*   200* Nil

 2 LS 27 Cholathadom   3000*   160* Nil

 3 LS 31 Cholathadom  9500  500 Nil

 4 DF X1 Kaavali  4000  170 Nil

 5 DF X2 Kaavali  9500  400 Nil

 6 LS 52 Kaavali  5000  270 6

 7 DF X3 Plappally 14000  550 4

 8 DF X4 Poovanji 18000  550 7

 9 DF X5 Poonjar 68000 1800 Nil

10 DF X6 Poonjar  3000  150 Nil

*These debris flows were partially visible, and the mentioned lengths are measured below the road level.
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of field visit and were restored later. Even though LS 52 is smallest in terms of mag-
nitude when compared with the other debris flows, the event resulted in the death of 
six persons from the same family. Landslides are often neglected when no casualties 
are reported, making the inventories incomplete, which will lead to incorrect hazard 
mapping and susceptibility zonation. DF X5 and DF X6 happened in another river 
basin (Meenachil) and have not contributed to the floods in Pullakayar basin. The 
event DF X5 is the largest in terms of magnitude of the event and has very high simi-
larities to the debris flow of 6 September 2020, reported in Pullakayar basin. This 
event indicates further chances of drainage divide in Meenachil basin as well, and 
the need to be alert for the coming monsoon seasons. Extensive field studies must 
be conducted to investigate the shallow landslides that have occurred near all these 
debris flows and to prepare a complete landslide inventory map for the region.

18.4  DISCUSSION

From the study, it is evident that there exists a critical gap between the satellite-based 
landslide inventory maps and the field data. Collecting all data points and conduct-
ing detailed field investigations can aid in landslide hazard assessment and thereby 
disaster management. Among the 56 landslides, 47 were found to be shallow land-
slides, and the remaining nine were debris flows. Figure 18.15 shows the distribution 
of landslides along each kilometer stretch of the road. It can be observed from Figure 
18.15 that the maximum number of landslides have happened in the first 1 km, and 
17 out of 20 in this stretch were shallow landslides. In the stretch from 3 km to 4 km, 
debris flows outnumber shallow landslides, and the stretch has multiple active flow 
paths, as observed from Figure 18.14. The distribution is more or less uniform in the 
other stretches till 7 km, and beyond 7 km, only one landslide has happened, which 
is at a distance of 8 km.

The material involved in failure is classified into three categories: soil only (S), 
debris material including both soil and rock (SR), and soil and a mix of cobbles 
and boulders (SB). The term soil in this context indicates particles varying from 
silt to gravel, with high organic content. Boulders are also rock pieces, with diam-
eters more than 300 mm average diameter as per Indian Standards, and cobbles are 
particles with average diameter between 80 to 300 mm. Here the classification SB 
indicates a mix of soil with cobbles and boulders, and the larger particles are from 
a failed retaining wall, or a construction. On the other hand, SR indicates a mixture 
of soil with pieces of detached rock material, from a larger rock. According to size, 
these pieces are also cobbles or boulders, but different terminology is used to indi-
cate whether the rock pieces are part of bedrock or manually constructed masonry 
retaining walls. Two such failures have occurred along the road, LS 8 and LS 44. 
No rockfalls or rockslides are observed along the path, and the fragmented rock had 
failed along with soil mass in the considered study area. Among the 56 landslides, 32 
have both soil and rock particles, including the two SB failures, and in the remaining 
24 cases, only soil has failed.

While comparing the field mapping and satellite mapping results, it can be 
observed that both are unavoidable parts of landslide inventory preparation. Even 
though the field visit was conducted immediately after the event, the vegetation had 
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FIGURE 18.15  Landslides along the road: (a) classification based on type of failure and (b) material involved.
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already started covering the failures, making them invisible from the road. The fast 
rate of regrowth of vegetation will make it difficult to map the dimensions of land-
slides correctly, even after a few months from the occurrence of landslides. The 
vegetation cover also makes it difficult to detect landslides from satellite images, 
especially in the case of cut slope failures that has been observed in this study. The 
failures are mostly vertical and are not visible from the satellite images. In the case 
of massive landslides like debris flows, satellite images are more helpful than field 
mapping. The dimensions of landslides can be measured easily from the images, and 
the flow path can be better understood from satellite images. The high cloud cover 
makes it difficult to map the landslides using satellite images during monsoon sea-
son, and the inventory can be completed only once the vision is clear. This will delay 
the preparation of inventory, and hence aerial surveys can be conducted as an alter-
nate option. Aerial images can be taken closer to the failures and can be effectively 
used for mapping the landslides. In the study area, the length of road stretch and 
presence of trees made aerial survey a difficult option, as the vehicles flying above 
the height of trees also cannot detect the shallow failures effectively.

From the results, it can be understood that field mapping alone makes it difficult 
to map large landslides correctly, and satellite images alone may result in incomplete 
landslide inventory data, with many shallow landslides undetected. Also, in regions 
with heavy vegetation, the landslide scars will get easily covered by vegetation, and 
the mapping should be carried out immediately after the disaster. With the advance-
ments in computational facilities, landslide inventory data is the most crucial input 
for landslide hazard assessment and landslide susceptibility studies. The reliability 
of all the data-driven approaches primarily depends upon the quality and complete-
ness of the inventory data, and hence it is suggested that field mapping should be 
conducted immediately after the failure, and satellite-based images should be used 
to get more details about the failures.

18.5  CONCLUSIONS

Landslide inventory data is a crucial input in the process of landslide hazard assess-
ment, and the completeness of inventory data determines the quality of all models 
prepared for landslide hazard assessment. The landslides happened along the road 
stretch between 9.621o N, 76.847o E and 9.584o N, 76.885o E, on 16 October 2021. 
The road connects Poonjar and Kootickal towns in Kottayam district, in the South 
Indian state of Kerala. The landslides were mapped by both field mapping and visual 
interpretation of satellite images, and the results were compared to understand the 
advantages and limitations of both approaches.

A total of 56 landslides were detected from field investigation, and the details 
regarding dimensions, type of failure and material involved are collected from the 
field. Among the 56 landslides, nine were debris flows for which measuring the 
dimensions was extremely difficult in the field. A total of 32 satellite images were 
available for the study area after the event (till 31 December 2021), from Sentinel-2 
L2A, Landsat 8 T1, Landsat 8 T2 and Landsat 7 RT sensors, but only seven images 
captured after 15 December 2021 were useful for the preparation of inventory. Only 
three debris flows were spotted from the satellite images, among the 56 landslides 
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detected from the field, which raises serious concerns on the completeness of satel-
lite-based landslide inventories of highly vegetated regions. The images were help-
ful in estimating the size and flow paths of the three debris flows detected, which 
was almost impossible from the field. Some more debris flows that happened in the 
region away from the road stretch were also mapped from the images.

From the results, it is suggested that both field-based and satellite-based investi-
gations should be carried out after the occurrence of landslides, for getting reliable 
landslide inventory data. Both methods have their own strengths and limitations, 
and only an integrated approach can deliver quality landslide inventory maps. Data 
collection initiatives should be centralised and should be more people centric, such 
that the inventory data can be collected from the field with the support of common 
people.
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Monitoring of Melt 
Ponds and Supra-Glacial 
Lakes over Nivlisen Ice 
Shelf, East Antarctica, 
Using Satellite-Based 
Multispectral Data
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Rakshita C, Mahesh B and Deva Jefflin A R

19.1  INTRODUCTION

The melt ponds and supra-glacial lakes (SGLs) are hydrological features that are 
formed on the surface of an ice sheet/ice shelf/glacier due to the melting of snow 
and ice. They are characterized by the accumulation of meltwater in a depression 
(ponding mechanism), resulting in the formation of an SGL on a prolonged basis 
(Lindbäck et al. 2019). Despite being temporary in nature, melt ponds and SGLs 
can exhibit considerable variation in depth, size, and spatial distribution, with few 
lakes spanning several kilometres in length and diameter, which can reach depths of 
several meters. SGLs typically experience a seasonal cycle of forming and draining, 
with most lakes re-freezing or draining during the Austral summer. Nevertheless, 
certain SGLs have been documented undergoing a drainage process, wherein the 
water flows into the glacier’s surface through moulins, crevasses, melt channels, or 
any other drainage features. This process has the potential to influence the dynam-
ics of the underlying ice (Banwell et al. 2014). The presence of melt ponds (MPs) 
and SGLs can reduce the reflectivity of the glacier’s surface, leading to increased 
absorption of solar radiation and intensifying surface melt (Alley et al. 2018). This, 
in turn, can lead to a warming effect on the surrounding ice column and potentially 
contribute to ice shelf destabilization (Banwell, MacAyeal, and Sergienko 2013). 
The feedback mechanisms that link SGL formation, surface albedo, and ice shelf 
dynamics are complex and depend on several factors, including the lake’s size, 
depth, and spatial distribution, as well as atmospheric conditions such as tempera-
ture and radiation.
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The development and interplay of SGLs on ice shelves carry substantial impli-
cations for the stability of these ice shelves, as noted by Horwath et al. (2006). 
This phenomenon can have a buttressing effect on the flow of inland ice. The 
Nivlisen Ice Shelf, which is located in eastern Antarctica, in Dronning Maud 
Land, was considered for the present study. The area encompasses a significant 
expanse of the eastern region of Antarctica, featuring a coastline that spans over 
2000 kilometers (Horwath et al. 2006). The area is distinguished by extensive 
ice shelves, which are intermixed with numerous ice rises and rumple zones. The 
primary objective of the current study is to examine the spatiotemporal patterns 
in the distribution and development of MPs and SGLs over the course of two 
Austral summers.

19.2  STUDY AREA

The Nivlisen Ice Shelf, located in central Dronning Maud Land (cDML), East Antarctica,  
is positioned between the Lazarev and Vigrid ice shelves (Figure 19.1). It is also fed by 
Potsdam Glacier (Lindbäck et al. 2019). It has an approximate area of 7300 square kilo-
meters and extends roughly 80 kilometers along the north-south axis into the Lazarev 
Sea and 130 kilometers along the east-west axis. The persistence of bare ice in the 
southeastern region of the ice shelf is upheld by the presence of Katabatic winds and is 
moving at an average rate of 80 my−1 (Lindbäck et al. 2019). The ice shelf is connected 
to an ice-free zone known as Schirmacher Oasis, which is along the Princess Astrid 
Coast (Pande et al. 2017). The Nivlisen Ice Shelf is undergoing substantial melting dur-
ing Austral summer, resulting in the formation of SGLs. The presence of increased 

FIGURE 19.1  Study area—Nivlisen Ice Shelf (NIS), located at 70.3 °S, 11.3°E.



Monitoring of Melt Ponds and Supra-Glacial Lakes� 299

MPs and SGLs in the Nivilisen Ice Shelf increases its vulnerability to hydrofracturing, 
as noted by Robel and Banwell in 2019. As a result, this location is of utmost impor-
tance for investigating the various processes and factors contributing to ice loss in the 
Antarctic ice shelf, as emphasized by Lindbäck et al. in 2019. The Nivilisen Ice Shelf 
has been chosen as the focus of the current study due to the noticeable rise in the occur-
rence of MPs and SGLs in the ice shelf region in recent years.

19.3  MATERIALS AND METHODS

19.3.1 D ata Acquisition and Preprocessing

The multispectral data from the Landsat-8 and 9 satellites were obtained from the 
USGS Earth Explorer for the Austral summer of the years 2021–2022 and 2022–2023 
with minimum/no cloud cover. The Landsat-8 was launched on 11 February 2013 
with Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) sensors, 
which have 11 bands with a swath of 185 km x 180 km and spatial resolution of 
15–100 m. The Landsat-9 was launched on 27 September 2021 with the Operational 
Land Imager 2 (OLI-2) and Thermal Infrared Sensor 2 (TIRS-2) sensors, with the 
same swath and resolution as Landsat-8 (Masek et al. 2020). The list of data used 
is shown in Table 19.1, with a data gap for December 2021 due to cloud cover. The 
pre- and post-processing of the datasets were carried out in open-source software 
Quantum GIS (QGIS), as shown in Figure 19.2.

The satellite data acquired is initially in digital number (DN) format, and to uti-
lize it effectively, it needs to undergo a conversion process into top of atmosphere 
(TOA) reflectance. This conversion, specifically for the visible bands (red and blue), 
is achieved through the dark object subtraction (DOS1) method using equations 19.1 
and 19.2 (Zhang, He, and Wang 2010):

   M Q ARf Cal Rf � (19.1)

TABLE 19.1
List of Landsat-8/9 Datasets Used

Sl No. Scene ID Date of Acquisition
Path and Row 

Number

1. LC08_L1GT_166110_20211107_20211117_02_T2 07/11/2021 166 & 110

2. LC08_L1GT_165110_20211116_20211125_01_T2 16/11/2021 165 &110

3. LC08_L1GT_166110_20220126_20220204_02_T2 26/01/2022 166 & 110

4. LC08_L1GT_166110_20220227_20220309_02_T2 27/02/2022 166 & 110

5. LC08_L1GT_165110_20221103_20221114_02_T2 03/11/2022 165 & 110

6. LC09_L1GT_165110_20221127_20221127_02_T2 27/11/2022 165 & 110

7. LC09_L1GT_165110_20221213_20221213_02_T2 13/12/2022 165 & 110

8. LC08_L1GT_165110_20230106_20230110_02_T2 06/01/2023 165 & 110

9. LC09_L1GT_165110_20230215_20230215_02_T2 15/02/2023 165 & 110
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where ρ′ & ρ are top of atmosphere reflectance (TOA) without and with sun angle 
correction respectively, MRf         —band-specific multiplicate rescaling factor, ARf       —
band-specific additive rescaling factor, QCal—the imagery in DN format, θSZ repre-
sents zenith angle of the sun, and θSZ is sun elevation angle. The bedrock masking 
was applied to the TOA blue and red bands.

19.3.2 M apping of Melt Ponds and SGLs

To delineate the MPs and SGLs present on the ice shelf, we employed a modified 
version of the Normalized Difference Water Index (NDWIICE), as outlined in equa-
tion 19.3. This adapted NDWIICE is specifically designed for icy environments and 
enhances the spectral contrast between unfrozen water and the relatively dry snow/
ice surfaces (Shelf et al. 2020).

In order to identify the extent of MPs and SGLs coverage on the ice shelf, we applied 
a threshold value of 0.25 to the NDWIICE. To fine-tune this threshold and accurately 
capture the water features visible in the false color composite imagery, we incremen-
tally adjusted it by 0.01. Subsequently, we determined the areas occupied by the MPs 
and SGLs by analyzing the vectorized raster data following the thresholding process:

NDWI
BLUE RED

BLUE RED
ICE

Ref Ref

Ref Ref


 
 

� (19.3)

FIGURE 19.2  Process flow followed to obtain the depth of MPs and SGLs using melt pond 
depth model.
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where BLUERef and REDRef represent the TOA reflectance of the visible bands blue 
and red, respectively.

19.3.3 L ake Depth Estimation

A melt pond model based on multispectral data (equation 9.4) was employed to cal-
culate the depth (DL) of MPs and SGLs (Shelf et al. 2020; Geetha Priya et al. 2022). 
This model operates on the principles of radiative transfer, simulating how light 
interacts with the water column, the lake bottom, and the surrounding environment. 
It relies on the rate at which light attenuates in water, which depends on water’s 
absorption and scattering characteristics, to deduce the water column’s depth. 
Additionally, this approach necessitates knowledge of the albedo of the lake bottom, 
which represents how the lake bottom reflects light at various wavelengths.

D
L R ln W R

AL 
     ln

� (19.4)

where L is the reflectance from lake peripherals, R is the reflectance exhibited by 
optically deep water, W is the reflectance exhibited by the water bodies, and A repre-
sents the attenuation constant.

The DL was computed by taking an average of two pixels buffer around the blue 
ponds/lakes. The average difference between employing an R value of zero and uti-
lizing R values obtained from the lakes within the scenes is found to be within a 10% 
margin. Therefore, the R value was assumed to be zero. The red band was used to 
estimate the depth, as the water bodies reflect the red band spectrum when compared 
to blue. Red band reflectance was considered for W due to the spectral signature of 
water bodies. An attenuation constant of 0.7507 was considered for both the OLI1 
and OLI2 sensors (Masek et al. 2020).

19.4  RESULTS AND DISCUSSION

The process flow outlined in section 19.3 was used to estimate the depth of the MPs 
and SGLs situated on the ice shelf. A pixel-based volume estimation was carried 
out for each MP and SGL using the depth estimated from the MPD model. The 
study was conducted during the Austral summers of 2021–2022 and 2022–2023. 
For representation purpose, the model-based results for MPs and SGLs on 6 January 
2023 is shown in Figure 19.3. The distribution of SGLs and MPs across the NIS 
demonstrates a tendency to cluster, with a notable accumulation of ponds primarily 
observed in the grounding zone. In contrast, MPs and SGLs are notably scarce near 
the calving front of the ice shelf, although surface melt rates are at their peak in this 
area.

The results were scrutinized in correlation with the weather data sourced from 
the Meteostat database (https://meteostat.net/en/station/). The database provides 
extensive weather data for numerous weather stations and locations around the 
world. Figure 19.4 illustrates the temperature and precipitation trends in the study 
region, as acquired from Meteostat for the Austral summers of both 2021–2022 and 

https://meteostat.net/en/station/
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FIGURE 19.3  MPD model-based results over NIS for 6 January 2023.

2022–2023, with a data gap in February 2023. Table 19.2 and Figure 19.5 provide the 
estimated average depth, area, and volume of the MPs and SGLs.

The MPs and SGLs average and maximum depth had increased from November 
2021 to January 2022 due to a rise in temperature from −9.10C to −30C, with an 
overall area of 536.87 km2 during January 2022, which is a peak melting time. In 
February 2022, it is observed that the area of MPs and SGLs reduced by 24 km2 
approximately due to the refreezing (offset of summer). It is also observed that there 
is a subsequent reduction in volume at the end of January 2022, which is possibly due 
to the draining of water (internal cracks and drainage channels). During November 
2022 to January 2023, the depth estimates of the MPs and SGLs scaled up by 2.5 m 
maximum due to temperature increment from −10.30C to −4.70C (Figure 19.4a). The  
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FIGURE 19.4  Meteostat weather data during Austral summer: (a) temperature profile, (b) precipitation.
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TABLE 19.2
Melt Ponds and SGLs Depth, Area, and Volume

Parameters

Austral Summer 2021–2022 Austral Summer 2022–2023

7 Nov 16 Nov 26 Jan 27 Feb 03 Nov 27 Nov 13 Dec 6 Jan 15 Feb

Depth
(m)

Average 
Depth

0.0003 0.0021 0.0178 0.0043 0.0021 0.0001 0.0002 0.0026 0.0007

Maximum 
Depth

1.0000 1.0324 1.4359 1.0231 1.0025 0.5216 0.6008 2.4932 1.4325

Minimum
Depth

0.0374 0.0237 0.0363 0.0426 0.0728 0.0742 0.0632 0.0010 0.0008

Area (km2) 21.32 65.37 536.87 512.96 1902.11 2003.51 2105.33 237.09 143.45

Volume (m3) 1488.46 1708.09 1964.90 741.94 2044.04 2147.81 2572.20 3134.61 577.21

depth of the SGLs was observed to be reduced from 1 m to 0.6 m from 3 November 
2022 to 16 December 2022, which is possibly due to precipitation of 4.1 mm 
(Figure  19.4b) recorded during 5–6 December. The SGL refreezing started post 
December 2022, so a decrement in the area was observed from November 2022 to 
January 2023. The volume of the SGLs reduced post January 2023 due to the drain-
age mechanism.

Generally, during the December and January months of Austral summer, the total 
surface area of the MPs and SGLs present over the NIS undergoes an overall expan-
sion, culminating in a maximum value during late December and early January 
(Shelf et al. 2020). Subsequently, there was a progressive reduction in the estimated 
lake area during the end of the melt season, which attains a minimum value dur-
ing late February. During the late December to early January period, the ice shelf 
typically exhibits the deepest lakes. This temporal pattern aligns with the seasonal 
fluctuations in both lake depth and the overall lake area, as these factors are closely 
linked to the melting and freezing processes occurring within the ice shelf during 
this specific period.

The maximum depth of the MPs and SGLs is increased by four times in com-
parison of January 2022 to January 2023, from 1.4359 m to 2.4932 m, respectively. 
During the Austral summer 2021–2022, the maximum lake area recorded was 519 
km2, and for the Austral summer 2022–2023, the maximum lake area recorded was 
2105 km2, i.e., there is an increase in the total area by four times.

The following observation was made for the Austral summer 2021–22 (Figure 19.5a):

•	 The number of MPs and SGLs was found to increase during November 
2021–January 2022 from 5–60 with a gradual increase in area.

•	 The pond draining mechanism has been observed during post-November 
2021 as the average depth and volume have decreased.

•	 The process of freeze-up for MPs and SGLs commenced in late February 
2022, leading to a subsequent decrease in both the surface area and volume 
of these lakes.
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FIGURE 19.5  Area and volume profile of melt ponds and SGLs for (a) Austral summer 2021–22 and (b) Austral summer 2022–23.
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The following observation was made for the Austral summer 2022–23 (Figure 19.5b):

•	 The number of MPs and SGLs was found to increase during November 
2022–January 2023 from 10–80 with a gradual increase in area.

•	 The pond draining mechanism has been observed during post-December 
2022 as the average depth and volume have decreased.

•	 The refreezing of MPs and SGLs started in mid-February 2023.

The MPs and SGLs over ice shelves can have potential impacts on global sea level 
rise, marine ecosystems, and circulation patterns of the ocean. As the planet contin-
ues to warm, the formation of MPs and SGLs is likely to increase, leading to further 
influences on the Earth’s systems. Hence, it is important to monitor and understand 
the effects of MPs and SGLs on ice shelves and the environment, to mitigate their 
impacts and inform climate change policies.

The observation shows that lakes on the ice shelf disappear through three primary 
mechanisms: supra-glacial drainage occurring through channels, englacial drainage 
taking place within the firn layer, and surface refreezing or snowfall-induced burial. 
Among these mechanisms, refreezing or burial by snowfall is the most common 
way that lakes disappear at the end of the melt season. This is typically due to the 
presence of (past) frozen lake scars, which appears similar to refrozen lakes. The 
primary process behind the disappearance of lakes often involves the development 
of ice ‘lids’ originating from the lake centres. These lids gradually expand, eventu-
ally enveloping the entire lake surface and causing the cessation of further thawing.

The physical processes that govern these mechanisms of lake disappearance are 
complex and may depend on several factors, including the thickness and thermal 
properties exhibited by the ice shelf, the distribution and volume of the MPs and 
SGLs, and the local meteorological conditions.

The results obtained through modelling have been confirmed and validated 
through on-site data collected during the 42nd Indian Scientific Expedition to 
Antarctica (42-ISEA), which took place from November 2022 to February 2023. 
This validation was carried out specifically on a melt pond within the cDML area. 
The melt pond is located at 110 45′ 6.79” E and 700 46′ 22.46” S near Maitri Indian 
research base at Schrimacher Oasis, cDML. Melt pond depth has been measured 
physically at six different ground validation point (GVP) locations around the water 
surface, as shown in Figure 19.6. Depth measurements derived from the MPD model 
are compared with GVPs and found to be in very good correlation, making the MPD 
model more intuitive and robust for Antarctica melt pond and SGL studies.

19.5  CONCLUSION

Meltwater can have a significant impact on an ice shelf, as it can contribute to the 
breakup and destabilization of the ice shelf. This study aims to monitor the dynamics 
of MPs and SGLs on the surface of the NIS in Dronning Maud Land, East Antarctica, 
using a newly developed MPD model. The model has been used to analyse the depth 
and volume of the MPs and SGLs from Landsat-8/9 datasets during the Austral 
summer of 2021–2022 and 2022–2023. Based on the results, it is observed that the 
estimated maximum depth of the MPs and SGLs has increased by 1.5 times, and the 
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FIGURE 19.6  Ground truth validation: (a) GVP locations; (b) manual depth estimation by CIIRC team in cDML on 13 December, 2022; (c) correlation 
of depths estimated from MPD model and manual depth.
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volume of meltwater has increased eight times during January 2023 in comparison to 
January 2022, while the average depth remained constant. In essence, the influence 
of meltwater on an ice shelf hinges on factors such as the quantity and dispersion 
of the water, alongside the general state and resilience of the ice shelf. As climate 
change leads to increased melting of ice sheets, the impacts of meltwater are becom-
ing a growing concern for scientists and policymakers.
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