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Abstract

Rapid urbanization and population growth have intensified solid waste management (SWM) challenges
in Gaya, the second largest city of Bihar, India. Inefficient collection, open dumping, uncontrolled burning,
and inadequate disposal practices have not only degraded the urban environment but also heightened
disaster risks, particularly through public health hazards, urban flooding, and water pollution. Clogged
drains during monsoon seasons and indiscriminate waste disposal on roadsides and vacant lands
exacerbate urban flooding, while untreated wastewater directly discharged into the Falgu River contributes
to severe environmental contamination and the spread of vector-borne diseases such as malaria, dengue,
and diarrheal infections. This study investigates the intersections between urban growth, slum population
dynamics, waste generation trends, and existing SWM practices in Gaya. It emphasizes the city’s
heightened vulnerability to disaster risks stemming from poor waste governance. The analysis highlights
the urgent need for integrated strategies including systematic waste segregation at source, enhanced
recycling, adoption of sanitary landfills, and active community participation in household waste
management. Findings suggest that sustainable SWM practices can significantly mitigate disaster risks by
reducing health hazards, preventing urban flooding, and improving resilience of critical urban
infrastructure. For Gaya, adopting such practices holds transformative potential—not only for protecting
public health and urban populations but also for safeguarding its cultural heritage and ensuring a safe,
resilient, and sustainable urban future.

Keywords: Sustainable Waste Management, Urban Vulnerability, Gaya City, Environment, Disaster Risk
Reduction

1. Introduction:

Urban resilience refers to a city’s capacity to anticipate, absorb, recover from, and adapt to various shocks
and stresses—whether arising from natural disasters, infrastructure failures, or environmental hazards. In
disaster-prone urban regions, resilience determines how effectively communities can withstand and
rebound from disruptive events. It relies on well-planned infrastructure, sound governance, community
engagement, and sustainable resource management—all of which are vital for ensuring long-term urban
sustainability and public safety [1].

Gaya, one of the major cities of Bihar, holds great historical, cultural, and religious significance but also
faces mounting urban challenges. Situated along the banks of the Phalgu River, the city is particularly
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vulnerable to flooding, waterlogging, and sanitation issues during the monsoon season. Rapid population
growth, unplanned urban sprawl, and insufficient waste disposal mechanisms have intensified disaster
risks, adversely affecting public health and the local environment. Among these risks, monsoon-induced
urban flooding stands out as a major concern—primarily caused by blocked drains and waterways due to
the accumulation of uncollected municipal solid waste.

During periods of heavy rainfall, the city’s stormwater drainage system often fails to manage the intense
runoff. Open drains become clogged with plastic litter, construction debris, and domestic refuse,
obstructing natural water flow. Consequently, urban flooding affects several low-lying and densely
populated areas such as Manpur, Ramshila, and Delha. Informal settlements bear the greatest impact, as
inadequate housing and poorly maintained drainage systems amplify their exposure to waterborne and
vector-borne diseases such as dengue, malaria, and chikungunya.

This research seeks to develop a post-disaster smart sustainable waste management framework tailored to
the conditions of Gaya city. The framework is structured around four key dimensions—governance,
economy, society, and environment—adapted from existing municipal waste management models.
Grounded in an extensive literature review, the study integrates the waste management hierarchy,
principles of the circular economy, and the use of ICT (Information and Communication Technology) and
IoT (Internet of Things) to strengthen disaster waste management systems. It further proposes technical
mechanisms for handling, collecting, and converting post-disaster waste and debris into valuable resources
that can be reintegrated into the disaster recovery process. By leveraging smart technologies, the study
aims to enhance the efficiency, sustainability, and resilience of Gaya’s post-disaster waste management
framework.

2. Study Area:

Gaya district, located in the southern part of Bihar, spans an area of 4,976 square kilometers between
24°18'-25°02' N latitude and 84°19'-85°23" E longitude. It is bordered by Arwal, Jehanabad, and Nalanda
to the north, Nawada to the east, Aurangabad to the west, and Jharkhand’s Chatra and Palamu districts to
the south. The district comprises four subdivisions—Gaya, Tekari, Sherghati, and Neemchak Bathani—
further divided into 24 blocks. According to the 2011 Census, the total population is 43,91,418, with about
87% living in rural areas and 13% in urban centers. Gaya city, the main urban hub under the Gaya
Municipal Corporation, includes 54 wards, while Bodh Gaya, Tekari, and Sherghati function as Nagar
Parishads. Physiographically, the district features parts of the Chotanagpur Plateau and the Ganga Plains,
with varied terrain such as rocky uplands, plateaus, and fertile alluvial plains. The Phalgu River, formed
by the confluence of the Lilajan and Mohana rivers, flows through the city, making it prone to seasonal
flooding during monsoons.

Effective waste management stands at the center of building urban resilience in such contexts.
Accumulated waste blocks drainage channels, contaminates water sources, and increases the likelihood of
vector-borne diseases—all of which intensify the adverse impacts of floods and other calamities. Smart
waste management solutions, combining technology with community participation, can mitigate these
risks. By improving collection efficiency, reducing landfill burden, and integrating real-time monitoring
systems, Gaya can transform waste management from a reactive service into a proactive tool for disaster
prevention and sustainable urban living.
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Map 1: Location Map of Gaya city
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Source: Open Street Map (developed with the help of ARC GIS)

3. Urban Vulnerability in Gaya

3.1 Slum Development

As a result of urbanization, significant changes have occurred in industrial and commercial development
and it is leading to a shift in the economic base of cities and creating economic disparities. This economic
inequality has forced many people to live in unhygienic and substandard conditions. The rapid and
multidirectional expansion of cities, along with its associated challenges, has led to the growth of slums
[2]. In Gaya district as well, rapid urbanization has resulted in unplanned development, leading to the
emergence of slums and informal settlements. Urban poor communities in these areas often lack access to
adequate basic services and infrastructure [3].

Table 1 Showing: Slum Population Growth in Gaya City (1951-2011)

S.N. | Year Urban Urban Slum Slum Slum
Population | Population Population | Population Population
Growth (%) Growth (%) | Percentage
1 1951 1,33,700 - 20,055 -- 15
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2 1981 2,47,075 84.80 98,230 389.80 39.75
3 2001 3,94,945 59.85 18,881 -80.78 4.78
4 2011 4,75,987 20.52 28,714 52.08 6.03

Source: Census of India,1951-2011

Figure 1 Showing: Slum Population Growth in Gaya City (1951-2011)
Slum Population Growth in Gaya City (1951-2011)
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Table 1 and Figure 1 present the chronological overview of the slum population in Gaya city from 1951
to 2011. In 1951, the urban population was 1,33,700, out of which 20,055 people lived in slums,
accounting for 15% of the total urban population. By 1981, the city’s population had nearly doubled to
2,47,075. As a result, the slum population increased significantly by 389.80%, reaching 98,230. Due to
this sharp rise, 39.75% of the urban population began living in slums, reflecting the impact of rapid
urbanization. This was likely caused by rural-to-urban migration, economic inequality, inadequate urban
planning, and poor infrastructure.

From 1981 to 2001, the city's population increased by 59.85%, reaching 3,94,945. In contrast, the slum
population decreased sharply by -80.78%. As a result, only 4.78% of the urban population was living in
slums by 2001. This significant decline can be attributed to several factors, such as effective slum
eradication policies, improvements in housing conditions, and the socio-economic advancement of
residents, which enabled many to move out of slums. Additionally, improved urban governance and
enhancements in basic infrastructure played a vital role.

By 2011, the urban population increased by 20.52% to reach 4,75,987. During this period, the slum
population saw a resurgence, increasing by 52.08% to 28,714. However, despite this rise, the proportion
of slum dwellers remained relatively low, accounting for only 6.03% of the total urban population. The
increase in slum population during this phase highlights the ongoing challenges in urban planning[4].
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Map 2 Showing: Slum Population Distribution in Gaya City (Ward Map)

:'f 51‘95'5‘-3 84°58'0°E B5°0VE 8520°E ?
P Slum Population Distribution in Gaya City 2
A Ward Map
a7
Legend 48
[E7 Ward No 4
._i No Stum Population 1 109 . £
2 Below 500 ]
- 3 [N S
& 500-999 118 T4 3
27, 2 e s M
1000-1499 0 e 1849
B 1500-1999 ' ; % g 23 3
B 2000 & Above - g BT 2
N 32 36 f
B River 10 520 39
By
z 2 31 . 2
-« ‘3 “
o~ ~N
44
0 5 10 20 46
z vKnlovr:é:lz:vs z
& BA'SEVE B4"SEU'E 85°00'E B85'20°E 3

Source: Developed by Research Scholar with the help of ArcMap

3.1.2 Encroachment & Unplanned Development:

In recent decades, Gaya city, a historically and religiously significant urban centre in Bihar, has
experienced rapid urban expansion. But a large portion of this expansion has been unplanned and
uncontrolled, which has resulted in serious encroachment on roads, public land, and natural resources.
Unauthorised building projects on government property, roadsides, and riverbanks have damaged the city's
infrastructure and interfered with basic functions like waste management, drainage, and traffic flow [5].
Slums and informal settlements have proliferated as a result of the migration wave, increased demand for
housing, and lax enforcement of building codes. Environmental degradation has resulted from this,
particularly in ecologically sensitive areas like the Falgu River and nearby hillocks, and pressure on
already overburdened civic amenities has increased [6].

3.2 Waste-Related Disaster Events and Risks in Gaya City:

Gaya city confronts multiple disaster risks associated with waste, which have increased due to haphazard
urban growth and insufficient solid waste management. A major risk is monsoon flooding, mainly
triggered by blocked drains and natural waterways from uncollected or improperly managed municipal
solid waste.

In the monsoon season, rainfall in Gaya poses a significant issue since the city's stormwater drainage
system is inadequately prepared for intense rainfalls. Open drains frequently become obstructed by plastic
litter, construction waste, and domestic rubbish, hindering the unobstructed flow of water. As a result,
urban flooding occurs in various low-lying and heavily populated locations like Manpur, Ramshila, and
Delha. Shantytowns experience the greatest hardships because of inadequate housing and insufficient
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drainage systems. The buildup of standing water harms property and impedes transit while also
establishing habitats for vector-borne illnesses like dengue, malaria, and chikungunya [7].

3.3 Common issues: overflowing landfills, clogged drains, poor segregation, and informal dumping.
Another waste-related threat is the unlawful disposal of solid waste close to the Falgu River, which not
only contaminates the river but also heightens the risk of pollution during floods. In numerous regions,
burning waste is still a typical activity, adding to air pollution and elevating the likelihood of fire
occurrences, particularly in the dry season. [8].

The lack of a cohesive solid waste management system, along with minimal public awareness and
administrative deficiencies, worsens these issues. Although city initiatives like door-to-door waste
collection and awareness programs have been started, their reach and effectiveness are still restricted.

To mitigate these disaster risks, Gaya city requires immediate investment in sustainable waste management
systems, rigorous enforcement of waste disposal laws, and community involvement in preserving clean
urban spaces, particularly during monsoon readiness initiatives.

Plates 1: Showing: Poor Waste Disposal Management in Gaya City

3

Source: From Research Scholar Field Visit Report

3.4 Link between poor waste management and disaster risks (floods, fires, disease outbreaks).
Improper handling of solid waste in Gaya city has emerged as a significant urban issue, directly leading
to various public health and environmental risks. The lack of a scientific waste management system,
minimal source segregation, and weak enforcement of city regulations have intensified the effects of waste
on the urban ecosystem and its inhabitants, particularly in at-risk regions such as slums and riverbanks.
A highly concerning effect of inadequate waste management is the increase in vector-borne illnesses like
malaria and dengue. Neglected waste, particularly organic refuse and plastic containers, frequently gathers
in open spaces and blocked drains, resulting in stagnant water pools during the monsoon season. These
still waters turn into perfect breeding sites for mosquitoes, especially the Aedes aegypti, known for
spreading dengue. Slum regions in Gaya such as Delha, Jagdeo Nagar, and Tekari Road are especially
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impacted, where inadequate drainage and piles of waste close to living areas have resulted in seasonal
occurrences of mosquito-related diseases.

Solid waste significantly contributes to the pollution of the Falgu River, which runs through Gaya and has
great religious significance. The riverbanks have turned into places for unlawful disposal of domestic
waste, plastics, and even medical refuse. In floods, this waste is carried into the river, polluting the water
and impacting aquatic life and human health. Pilgrims who cleanse in the river or utilize its water for
ceremonies are unwittingly subjected to dangerous contaminants. Additionally, leachate from open waste
dumps close to water sources can seep into underground aquifers, impacting the quality of drinking water
in the area.

Another pressing issue is the degradation of air quality due to the open dumping and burning of waste.
With no centralized waste processing facility, waste is often burned in open fields or along roadsides,
releasing toxic pollutants including carbon monoxide, particulate matter, and dioxins. These emissions
contribute to air pollution and respiratory illnesses, particularly affecting children, the elderly, and those
with pre-existing health conditions. Areas around Ramshila Hill and the Gaya Bypass often experience
poor air quality due to routine burning of plastic and domestic waste.

4. Current waste management practices in Gaya

The city of Gaya produces about 425.81 tonnes of solid municipal waste every day (TPD) and
demonstrates one of the highest waste collection efficiencies in India at 95%. This success is a clear
indication of a well-organized primary and secondary collection system. However, the impact of waste
management on the environment is hardly visible because of the poor segregation at the source that is
under 35%. The low segregation rate severely limits the potential for recycling and composting.

From all the waste generated, 75% of it can be composted, 20% can be recycled, and 5% of it is non-
compostable. Despite such favourable composition, only 10% of the waste is handled, mainly through the
city’s aerobic composting plants with a capacity of 12 TPD, which is significantly low compared to the
need. The rest of the 90% waste is deposited in the landfills, resulting in the degradation of land,
contamination of the groundwater with leachate, and emission of methane—thus making the local air and
overall environmental situation even worse.

The difference between collection and treatment capacity illustrates the shortage of infrastructure that
must be filled to enable processing at a sufficient level. Besides, even if the best collection system is in
place, but the segregation at source is not done under a strong focus, it will not be able to reach the
sustainable waste management goal [9].

To achieve the national goals under the Swachh Bharat Mission and Clean Air Action Plans, Gaya must
raise public awareness, improve decentralized waste treatment, and invest in scalable material recovery
and composting stations. Otherwise, the city is not merely going to cause further environmental
destruction but also become the source of public health issues that will be linked to unmanaged solid waste
that is on the increase.

Table 2 Showing: Status of Municipal Solid Waste Generation in GAYA CITY (2001,2011&2024)

S.No. Years Total Population | Total = Waste | Per Capita
Generation Generation
(MT per day) (Kg per day)

1 2001 3,94,945 234.3 0.3-0.4

IJFMR260485018 Volume 8, Issue 4, July-August 2026 7
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2 2011 4,75,987 275 0.58
3 2024 6,57,182(Proposed) | 425.81 0.76

Source: Prakash, P., & Swarup, S. (2022). Impacts of urbanization on environment: With special
reference to Gaya, Bihar. International Journal for Research in Engineering Application & Management
(IJREAM) &.District Environment Plan Gaya District, Bihar, 2024 Pg No- 27

The table shows a consistent rise in municipal solid waste generation in Gaya city from 2001 to 2024,
closely linked to population growth and increasing per capita waste generation. In 2001, 3.95 lakh people
generated 234.3 MT/day, which rose to 275 MT/day in 2011 with 4.76 lakh people. By 2024, with a
projected population of 6.57 lakh, waste generation reached 425.81 MT/day. Notably, per capita waste
generation has increased from 0.3-0.4 kg/day in 2001 to 0.64 kg/day in 2024, reflecting changing
consumption patterns, urbanization, and lifestyle shifts, demanding urgent improvements in waste

segregation, treatment, and processing infrastructure.

4.1 Current scenario of Solid Waste Management in Gaya city
Table 3 Showing: Current scenario of Solid Waste Management in Gaya District

Action Areas Details ULB1
Name of Urban Local Body (ULB) Gaya Nagar Nigam
Population 468614
Report on inventory of{Total solid waste Generation 500 MT/Day
total solid waste(Total segregated dry waste 250 MT/Day
Generation Total segregated wet wast 250 MT/Day
Street Sweeping Waste Amount 25 MT/Day
Qty. of Silt Removed from Drains 10 MT/Day
Total Domestic Hazardous Waste Collected 0 MT/Day
Qty. of Other Waste 0
(Horticulture, sanitary waste, etc.)
Old dump sites (No.) 01
Qty stored in dumpsites --
No of Sanitary landfills 01(EC Not

obtained from SEIAA)

No of wards 53
Collected Compliance byNo of BW Generators 00
Bulk Waste Generators |No of on-site facilities for Wet Waste NA
Compliance inTotal generation 500
segregated waste\Wet Waste 250
Collection SWDry Waste 250
Collection
Waste managementDoor to Door Collection 100%
Operations Mechanical Road Sweeping Partial

Manual Sweeping Partial

Segregated Waste Transport 100%
IJFMR260485018 Volume 8, Issue 4, July-August 2026 8
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Digesters (Bio-methanation) Not initiated
Composting operation 100%
MRF Operation MRF used
Use of Sanitary Landfill 01

Source: District Environment Plan Gaya District, Bihar, 2024 Pg No- 27-28

The Gaya Nagar Nigam is entrusted with the solid waste management for the Gaya district covering
4,68,614 population living in 53 wards. The city produces around 500 metric tonnes (MT) solid waste
daily which is split equally into 250 MT dry and 250 MT wet waste. Moreover, the city also sweeps around
25 MT of street sweeping and 10 MT of drain silt waste every day. No domestic hazardous waste (DHW)
collection is being done, nor other types like horticultural and sanitary waste.

Considering infrastructure, Gaya possesses one old dumping site and one sanitary landfill, though the
latter remains pending for environmental clearance by SEIAA. Landfill has been planned with capacity
enough to provide operation for ten years. There is waste collection and management with some measures
of compliance. For example, 100% of the families have door-to-door coverage, and the waste is collected
segregated. Dry and wet garbage disposal are done separately. But manual and mechanical sweeping are
done partially, and there are cleanliness gaps.

Composting plants are running at full capacity in waste processing, and an operating Material Recovery
Facility (MRF) is present. Reclamation of dumpsites that have been abandoned and development of
linkages with waste-to-energy boilers, recyclers, and producers or brand owners has been initiated.
Authorization of the waste pickers has also begun and ID cards are being distributed to them. But operation
of activity such as bio-methanation is still in abeyance, and NGO participation in activities related to waste
management is still not present.

Insufficiency in the infrastructure remains an issue. Segregated transport structures exist and there is one
waste transfer station, one compost station, one MRF, one waste-to-RDF station, and a landfill for the city,
but there are not enough waste collection trolleys, mini trucks, and bulk waste trucks. The city possesses
a specific DHW deposit facility, yet it does not operate at its full capacity since DHW collection itself is
not a working routine.

At the institutional level, notification and enforcement of by-laws have been done, demonstrating
institution-level readiness. Financial sufficiency has not been satisfied adequately. While the capital
expenditure (CAPEX) requirement has yet to be reported, operational expenditure (OPEX) is reported to
be unsatisfactory, raising a question mark over the system's sustainability.

Overall, Gaya has moved toward segregation, collection, and composting, but there are infrastructure gaps,
NGO participation gaps, high-end waste processing technologies, and financial capability gaps, all of
which are most critical to having a strong and sustainable waste management system

IJFMR260485018 Volume 8, Issue 4, July-August 2026 9
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Plate 2 Showmg Naili Waste Landfill Site

Source: From Research Scholar Field Visit Report

4.2 Transportation of Waste in Gaya Municipal Corporation
Transportation vehicles of Waste Gaya Municipal Corporation.

Table 4 Showing:

S.N. Vehicles Available for | No of Vehicles Capacity of
SWM Vehicles

1 Hand Trolley 106 30 kg

2 Hand Rickshaw 53 25kg

3 Tractor 4 2800 kg

4 Dumper 4 200 monn

5 Loader 3 40 cft

6 Small Loader 1 30 cft

7 Tempo 17 25 cft

8 Concovex 3 2000 Itr.

9 Foggier 4 5 1tr/1/2 hr

10 Desert Machine 2 7.5hp &5hp

11 Tanker 6 2500 ltr

12 Roller 1 5ton
Total 204

Source : City Development Plan — 2030, Gaya Municipal Corporation, Report on Waste Management
Pg. No- 9-2

Gaya Municipal Corporation (GMC) owns a total fleet of 204 vehicles and equipment for solid waste
management (SWM) and allied urban services. The transportation system has large dependence on manual
collection in the form of 106 hand trolleys of 30 kg capacity each and 53 hand rickshaws of 25 kg capacity
each, reflecting high dependency on labour-based methods for prime waste collection on narrow streets
and inner congested zones of the city.

[JFMR260485018 Volume 8, Issue 4, July-August 2026 10
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For mass transit, 4 tractors (2,800 kg capacity) and 4 dumpers are employed, in addition to 3 loaders and
1 light loader. The loaders (3040 cft capacity) are used for transfer operations, while 17 tempos (25 cft
capacity) are employed for secondary collection and short-distance transport.

Corporation also has specialized machinery like 3 concovex machines (2,000 liters capacity), 4 vector
control fogging machines, and 2 desert machines used for cleaning. Additionally, 6 tankers (2,500 liters
capacity) are used for water supply or cleaning and 1 road roller (5-ton capacity) is used for road and
landfill compaction.

Though the fleet suggests a mixed look of mechanized and manual plants, it is inadequate to serve a city
that produces 500 MT of garbage every day. The scarcity of bulk carriers and lack of advanced compactor
trucks reveal inefficiency where reforms need to be brought in order to minimize the dependence on the
manual and maximize huge-scale transportation of garbage.

Plate 3 Showing: Use of Different Vehicles in Solid waste Transportation by Gaya Municipal
Corporation.
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5. Smart Waste Solutions for Disaster Prevention

Mass urbanization has imposed enormous pressure on waste management infrastructure in Indian cities
like Gaya. Unsegregated waste, ineffective disposal, and choked drains are not just problems for urban
sanitation, but they are direct causes for disaster cases like waterlogging, flooding, and public health crises.
Development of urban resilience, thus, demands a shift from traditional waste management to smart,
technology-supported, and people-centric solutions. These not only enhance the efficiency of the process
but also double as disaster prevention measures [10].
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5.1 Internet of Things (IoT)-Based Smart Solid Waste Management

A Smart Solid Waste Management System (SSWMS) is a technologically advanced and technology-
enabled system of urban waste management that is efficient, green, and responsive. The system basically
couples smart waste bins, being smart devices, with web-based platforms and/or mobile-based
applications. The platforms are backed by cloud servers and depend a lot on the Internet of Things (IoT)
technologies to enable end-to-end connectivity, data harvesting, and real-time monitoring [11]. IoT allows
traditional, physical objects to communicate among each other by transforming them into “smart objects”
using several essential technologies such as embedded devices, sensor networks, and Internet protocols
[12].

Figure 2 Showing: Internet of Things (IoT)-Based Smart Solid Waste Management

loT WASTE MANAGEMENT

L gy
o=

Source: Developed with the help of Artificial Intelligence by Research Scholar

IoT waste management can revolutionize the existing system in Gaya into a smart, robust, and disaster-
free model. By incorporating identification, sensing, communication, computation, semantics, and service
layers, waste collection, transport, and disposal can be made efficient and adaptive.

5.1.1 IoT Identification

Each of Gaya Nagar Nigam's waste collection infrastructure like trolleys, bins, collection vans, and even
landfill sites, can be tagged with a unique object ID and digital address. This allows Gaya Nagar Nigam
to monitor movement and usage of each asset in real-time. For example, smart bins installed across 53
wards can be uniquely identified and monitored, allowing targeted collection from high-generation areas
like markets, Bodhgaya, and Pitra Paksha mela areas.

5.1.2 10T Sensing

Smart sensors and actuators installed within waste collection bins and sewer channels will provide real-
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time data. For example: Waste bin fill-level sensors to avoid overflows & Sensors in drains to detect

plastics and silt before the monsoon seasons. Such sensor modules are the "eyes and ears" of Gaya's

intelligent waste management system.

5.1.3 IoT Communication

Sensor information can be sent via light-weight communication protocols like 6LoWPAN (IPv6 over Low

Power Wireless Personal Area Networks). This facilitates reliable, low-power communications among

bins, vehicles, and town servers even within highly concentrated urban wards.

5.1.4 IoT Computation

Since thousands of data points are gathered every day, fog computing is then able to process information

locally around points of collection before it can be sent to the main server. For example, Gaya's transfer

hubs are able to compute immediately if trucks can be redirected to filled bins so as not to waste time. It

enhances decision-making and guards against overreliance on cloud computing.

5.1.5 IoT Semantics

The semantic layer formulates actionable knowledge from unprocessed data. For Gaya, this translates to

formulating waste generation patterns with the seasons (e.g., pilgrim season high waste), forecasting flood-

prone areas with waste-caused drain clogging, and recommending best practices in waste treatment. This

knowledge assists the municipal corporation in planning in the long term.

5.1.6 IoT Services

IoT offers the following services to Gaya's city government:

e Identity-related services: Identify waste generators and bins.

e Collaborative-aware services: Facilitate coordination between citizens, waste pickers, and municipal
workers.

e Ubiquitous services: Provide 24x7 monitoring of waste systems.

o Information aggregation services: Aggregate reports for decision-making, budgeting, and policy
making.

Figure 3 Showing : IoT Services

loT Identification loT Sensing
D\\
Object ID, object’s address S Smart actuators, sensors,

AT T wearable sensing devices
loT Communication lo I 1 loT Semantics
é\\ .\‘.iv s @
loT Services

SLOWPAN Extraction of knowledge

8 wisealy by different systems

Identity-related
services, collaborative-
aware services

Source: Source: Developed with the help of Artificial Intelligence by Research Scholar
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5.2 Smart Segregation & Recycling Centres To Reduce Landfill Load

As waste generation quickly outpaces the capacity of traditional management approaches, the need for
innovation has become more and more urgent [ 13]. Studies indicate that improper waste disposal has long-
term environmental and social effects. Landfills release massive amounts of methane, a more potent
greenhouse gas than carbon dioxide in terms of warming the earth. Slight rises in methane emissions have
been established to have significant climate effects on regional and global scales. In addition, landfill
runoff frequently pollutes rivers, lakes, and groundwater, particularly when landfills are found in
residential areas. Yadav found in his study Open dumping and burning of trash are also prevalent in most
areas. Not only do they contaminate the environment, but they also emit hazardous pollutants to the air,
which lead to respiratory illnesses and exacerbate public health issues in the neighbouring communities
[14]. Therefore, the problem of municipal solid waste management does not just stop at creating
environmental destruction. It also poses urgent public health, social justice, and economic viability
questions, highlighting the need for joined-up, creative, and inclusive responses [15].

The integrated use of Al, machine learning, and IoT is transforming Material Recovery Facilities (MRFs)
into better sorters, more efficient operations, and safer facilities. Automated systems and robots that are
vision-enabled minimize the reliance on labour while upgrading recovery rates to deliver better quality
materials for recycling, which create stronger recycling markets. Predictive maintenance and real-time
monitoring propel maximum performance and allow for sustainability targets. Through facilitating a
circular economy, these technologies save resources, cut emissions, and minimize the use of landfills. As
MRFs continue their development, they will become increasingly smarter, responsive, and key to
establishing robust, sustainable waste management systems [16].

5.3 Smart Waste Management Practices Adopted by Leading Cities

Cities around the world are increasingly adopting smart and sustainable technologies in order to handle
growing waste management challenges. Barcelona applies [oT sensors and analytics on a real-time basis
to monitor the level of bin fill and design optimized collection routes, leading to a reduction in fuel
consumption, emissions, and operational expenditure. Singapore merges the deployment of IoT sensors
with solar-powered compactors to increase the capacity of bins and enhance the efficiency of collection,
while leveraging digital platforms for engaging citizens and introducing gamification features in its my
ENV app for better waste practices. Seattle has placed a greater emphasis on cleaner operations by
deploying renewable-energy and natural gas—powered fleets for collecting waste, resulting in significant
reductions in greenhouse gas emissions, air pollution, and noise levels in urban areas [17].

In India, under smart city initiatives Nagpur shows how technology can change the way we manage cities.
With waste-to-fertiliser processing, upcoming waste-to-energy plants and future biogas projects, the city
is reducing landfill and converting waste into resources. Real time monitoring using GPS enabled devices,
RFID tagged bins and sensor equipped garbage trucks has improved waste collection efficiency and street
cleanliness. The Safe and Smart City project has also strengthened public safety with city wide
surveillance, facial recognition and advanced policing tools [18,19]. India’s cleanest city Indore's model
of sustainable waste management shows how coordinated policies, technology, and community
participation can transform urban cleanliness. The city achieved more than 90% segregation and a waste
recovery rate of 95% with the help of mandatory segregation of waste at source, GPS-enabled daily door-
to-door collection, scientifically advanced processing facilities, and high public awareness. Strict
monitoring further strengthened compliance. As a result, Indore manages 1,000 tons of waste daily and
has retained the tag of India's cleanest city since 2017, a benchmark for effective waste management [20].
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6. Community engagement and awareness programs.
India’s growing urban population and increasing waste has made waste management a national priority.
The government has launched several initiatives to reduce landfill, improve recycling and promote
sustainable waste processing. Swachh Bharat Mission has strengthened cleanliness, segregation and
scientific disposal in cities and villages. Solid Waste Management Rules 2016 has created a strong legal

framework for source segregation, bulk waste management and scientific processing. Plastic Waste
Management Rules 2016 and ban on single use plastics has pushed producers and consumers towards
recycling and eco-friendly alternatives. Waste to Energy projects are converting municipal waste into
electricity, bio-CNG and compost reducing landfill and supporting renewable energy goals. In rural areas
GOBAR-Dhan Scheme is promoting biogas production and organic composting, improving waste
management and generating income opportunities. All these initiatives are leading to a cleaner, greener

and sustainable India.

7. Action Plan waste management in Gaya district
Table 5 Showing: Action Points for Gaya Municipal Corporation: Gap Identification and Action

Plan

S.No.

Action Points for Town
Municipalities City
Corporation

Identification
Of Gap

Action Plan

Wet waste management:
onsite composting by
bulk waste generators

No data on
whether
number of
bulk  waste
generators
identified for
installation

Identify bulk waste generators like central and
state government offices, local bodies, public
and private companies, hospitals, nursing
homes, schools, colleges, universities, hostels,
hotels, markets, commercial centres, places of
worship and sports complexes generating more
than 100 kg of waste per day. Institutions shall
install on-site composting systems.
Departments shall create compost pits as per
requirement to manage their wet waste.
Biodegradable waste shall be processed and
disposed of through composting or bio-
methanation within the premises itself to the
extent possible. Community involvement shall
be promoted through home composting, biogas
production and decentralized waste processing
at the ward level with odour control and
hygienic surroundings. Agreements shall be
made with unauthorized colonies and
commercial complexes in the district by fixing
user charges for collection, transportation and
treatment of wet and dry waste. This will ensure
effective and sustainable waste management.
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2 Wet waste management: | Facility does | Authorities should build, operate and maintain

Facility ~ for  central
biomenthanation/
composting of wet waste

not exist/ data
not provided

solid waste processing facilities and
infrastructure either on their own, through
private sector or through any other agency. The
aim is to utilize all parts of solid waste using
appropriate  technologies.  Decentralized
processing should be given priority to reduce
transportation cost and environmental impact.
Options are  bio-methanation, microbial
composting, vermi-composting, anaerobic
digestion or any other technology for
stabilizing biodegradable waste. All authorities
should ensure that compost pits are used only
for scientific treatment of wet waste and not for
dumping any other type of waste. Wild grass
growing inside the pits should be removed
immediately and damaged compost pits
provided by authorities should be repaired as
soon as possible.

3 Dry waste management:
Material Recovery for
dry-waste fraction

MRF facility
is used

Waste characterization, analysis of
composition required to initiate use of dry
segregated waste in MRF operation. The
relevant departments should get to work on
establishing enough MRFs for dry waste
processing - and make sure zero mixed waste is
sent to those places. Non-compostable solid
waste can be temporarily stored in MRF to
facilitate segregation, sorting and recovery of
recyclables from various components of waste
by authorised informal sector of waste pickers,
informal recyclers or any other work force
before the waste is delivered or taken up for its
processing or disposal.

Authorities need to make darn sure that waste
pickers & recyclers have a clear route to get to
the recyclables in as timely a manner as
possible. They want to be able to go straight to
the source - so they can grab the stuff they need
like paper, plastic, metal, glass, scraps of iron
& wood, cardboard, old clothes and lots of
other reusable items - either directly from the
source or from a big Material Recovery Facility
(MRF). To make all this work of course waste
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storage bins should be colour coded: green bins
for food waste & biodegradable stuff, white for
the stuff we can reuse, and black bins for
anything else. Make arrangement to send the
dry-waste to any common MRF or waste to
energy plant. Need to set-up own Waste to
Energy plant.

4 Disposal of inertand non- | There is no | Sanitary landfill site needs to by designated
recyclable wastes: | data on | scientifically. Regulation on unauthorized
Sanitary Landfill sanitary land | landfilling and minimize landfilling is needed.

fill site Allow only the non-reactive inert waste and

pre-processing rejects and residues from waste
processing rejects and residues from waste
processing facilities to go sanitary landfill sites
shall meet the specifications as given in
schedule-1 (SWM Rules, 2016). However,
every effort shall be made to recycle or reuse
the rejects to achieve the desired objective of
zero waste going to landfill.

Source: District Environment Plan Gaya District, BIHAR, 2024 Pg No- 31-34

8. Drainage

During heavy or torrential rain showers, clogging of urban sewer pipes lead to severe urban flooding,
which is generally resulting in casualties and significant economic losses. In the case of small- to medium-
sized sewer pipes, where their spatial confinement and unreachability are the primary problems, robotic
technologies have become the central solution for trenchless pipeline inspection and rehabilitation [21].
Drainage is an important aspect of city physical infrastructure, and rainwater removal as well as avoidance
of waterlogging are assured. Natural urbanization of the Gaya city with rising surface runoff has required
re-designing of old drainage systems and development of ancillary systems. The topography of the city,
with hills like Ramshila, Pretshila, Brahmyoni, and Mangla Gauri, slopes naturally towards the Falgu
River. Though this gradient allows for runoff, but the rolling topography and inter plain tracts on the
eastern side (Manpur) create restrictions to natural drainage and resulting in flash flooding during heavy
rain in these areas [22].

Current drainage condition of city is poor, with the road network covered by only approximately 40% by
60 km of pucca and kutcha drains. Of these, almost 77% are pucca drains, while the remaining part is
kutcha which is easily erosible by the time. There is Lack of sequential primary, secondary, and tertiary
drains in city, results in numerous small drains discharging directly into the Falgu River without their link,
affecting the efficiency of the system. While there are 23 km of main drains, they are ineffective because
of the major problems like siltation, encroachments, and failure to maintain them on a regular basis.
There are six large nallahs, namely, Kujapi, Mansarv, and Karimganj, with a total length of 14.7 km. These
nallahs and nearly 90 open and subterranean drains release most of the stormwater into the Falgu River.
Bifurcation of the city into the eastern and western zones of drainage, however, indicates disproportionate
distribution and efficacy. The west zone is drained by Gandhi Maidan, Karimganj, and Katari Hill Road
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nallahs, and the east zone is drained by Mansarv, Mashanghat, and Nadraganj nallahs. In spite of this
network, a large portion of the city, especially its low-lying suburbs and colonies, are beyond its radius.
Flood-prone areas are clustered around the Falgu River in wards 7, 8, 18, 19, 23, 24,36 and 53.
Waterlogging is very poor in locations between Dobhi Road Nallah northwards, Gandhi Maidan, and
Central Jail environs as there is no adequate drainage system. Peripheral colonia like Manpur, Ghungadi
Tad, Bhusand and Kumar Colony are also at risk to the same extent. Reasons for frequent flooding include
silting, dumping of solid waste in drains, clogging, and dense encroachment along drain courses and river
bank [23].

In short, Gaya's drainage system is plagued by poor coverage, neglect, absence of hierarchy, and unplanned
urban encroachments. If desilting on a frequent basis and encroachment management through coordinated
planning are not implemented, the issue of urban waterlogging and flooding will keep on being a major
threat to the public health, mobility, and economic activity of the city.

8.1 How smart waste solutions can mitigate disaster risks in Gaya.

A smart solution to Gaya’s drainage problems is to use integrated urban water management with support
from technology and community involvement. IoT-enabled sensors can monitor water levels and spot
blockages in real-time. GIS mapping can assist in planning new drains and identifying areas of
Waterlogging. Predictive data analytics can help schedule regular desilting. We should control
encroachments through strict enforcement and awareness campaigns. Green infrastructure, like rain
gardens, bio-swales, and permeable pavements, can reduce runoff. Community-driven home composting
and waste segregation will help prevent drain clogging. Together, these smart and sustainable measures
can reduce flooding and create a climate-resilient urban drainage system.

Plate 4 Showing: Existing Drainage Condition and Proposed Drainage Scenario of Gaya City
4.1 Current Situation

TN
)

T v

Habotic Cleanar

Source: From Research Scholar Field Visit Report
Plate fig. 4.1 shows the actual drainage near Mirza Galib College Chauraha along the Gaya—Goh Road,
while Plate fig 4.2 presents a possible smart drainage scenario. This image depicts a smart drainage idea
for Gaya city, merging technology and sustainability. Open drains are conceptualized in a new way with
IoT water-level sensors for real-time monitoring, GIS mapping for planning, and robotic cleaners for
desilting. Trash traps deter solid waste entry, and solar-powered aerators improve water circulation and
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minimize mosquito breeding. Encroachment-free zones and greenery along drains convert them into
environment-friendly channels, enhancing groundwater recharge. These innovations together mitigate
urban flooding, waterlogging, and pollution to promote climate-resilient, efficient, and sustainable urban
drainage management that protects public health, mobility, and economic activities in Gaya.

9. Policy and Implementation Roadmap

Building a resilient and sustainable waste management system in Gaya requires a clear and actionable
policy framework supported by effective local implementation. Policymakers, municipal authorities,
private partners, and community organizations must collaborate to create a unified vision that aligns smart
waste solutions with broader goals of disaster prevention and urban resilience.

For local authorities, the first step involves formulating a comprehensive Smart Waste Management Policy
tailored to Gaya’s unique challenges. This policy should include guidelines on waste segregation at source,
the use of digital tracking systems for waste collection, and standards for recycling and composting
facilities. It must also define responsibilities across departments, establish performance indicators, and set
targets for waste reduction and infrastructure improvement.

To operationalize this policy, Gaya should begin with pilot initiatives in high-density or high-risk areas.
These pilot projects can introduce sensor-based garbage bins, GPS-enabled collection vehicles, and data
dashboards to monitor waste flow and identify problem zones. Pilot results should be analysed to refine
technologies, improve community engagement, and strengthen coordination between local departments
and private contractors. Once successful, the model can be scaled city-wide through phased expansion and
capacity building for municipal workers.

Effective implementation also relies on robust funding and partnerships. Local authorities can pursue a
mix of municipal budgets, state disaster management funds, and corporate social responsibility (CSR)
contributions from local industries. Partnerships with technology providers, research institutions, and
start-ups can accelerate innovation while keeping costs manageable. Furthermore, integrating waste
management goals into existing urban development and disaster prevention schemes ensures continuity
and access to multi-level government support [24].

Regulatory frameworks must complement these efforts by enforcing compliance and incentivizing good
practices. Mechanisms such as green certifications for waste-conscious enterprises, penalties for illegal
dumping, and tax rebates for companies investing in recycling technologies can drive behavioural and
systemic change. Regular policy review and public accountability mechanisms will ensure that the
roadmap remains adaptive and effective.

Through a well-coordinated policy and implementation strategy, Gaya can transform its waste
management system into a resilient urban infrastructure component—reducing disaster risks, protecting
public health, and setting an example for sustainable urban governance in medium-sized Indian cities.
Waste management in Gaya city is related to sustainable urban development, environmental quality, public
health, and liveability. Given the city's importance as one of Bihar's major urban hubs and a pilgrimage
destination of global significance, Gaya presents some peculiar challenges in managing solid waste
generated daily by residents and tourists who come into the city, including religious activities. The city
has been moving toward an integrated approach wherein policies of waste management are aligned with
city planning, emergency response mechanisms, and public health initiatives.
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10. Emergency Response

Gaya’s waste management is closely linked with its emergency response particularly during major
religious events, like Pitru Paksha Mela when lakhs of pilgrims come to the city, the municipal corporation
deploys additional sanitation staff, temporary waste bins and rapid collection teams to handle the surge in
waste. This prevents waste accumulation near riverbanks, temples, ghats and major roads.

Similarly, during heavy rainfall or flood like situation, drainage systems get blocked due to improper waste
disposal. To mitigate this, the city administration coordinates with disaster management authorities to clear
waste from drains, remove debris and maintain sanitation around vulnerable settlements. Real time
coordination with emergency teams helps in preventing vector breeding, reducing waterlogging and
ensuring safe mobility.

Plate S Showing: Battery-Operated ClearBot Used by Gaya Nagar Nigam for Cleaning the Falgu
River during Pitrapaksha Mela 2025

Source: From Research Scholar Field Visit Report
This battery-operated ClearBot, controlled remotely, was deployed by Gaya Nagar Nigam during the
Pitrapaksha Mela to remove small waste particles from the Falgu River. The initiative represents a modern
and efficient approach to river cleanliness, showcasing the use of smart cleaning technology in Gaya City
in 2025.

Plate 6 Showing: Blue—Green Waste Bins, Sanitation Workers, and Rescue Boats Deployed during
Pitrapaksha Mela

e~ SO A N g

Source: From Research Scholar Field Visit Report
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Blue and green waste bins, municipal sanitation workers, and rescue boats were strategically deployed

during the Pitrapaksha Mela to manage waste efficiently, maintain cleanliness, and ensure the safety of

pilgrims along the riverfront.

11. Integration with Public Health Initiatives
Public health and waste management in Gaya are interlinked. Improper waste disposal can lead to
mosquito breeding, water contamination and spread of communicable diseases. To address these issues,
Gaya Municipal Corporation collaborates with Health Department to promote awareness on safe waste

handling, segregation and cleanliness.

Table 6 Showing: Status of Health Care Facilities in Gaya District

S. Facilities
No.

Healthcare

No.
of
HCF

No. of
Bedded
HCF

No. of
beds (If
HCF is
bedded)

No. of
Non
Bedded
HCF

BMW
generated
(In Kgs)

HCFs
Attached
to
CBWTF

HCFs
not
attached
to
CBWTF

(In Nos.)

(In Nos.)

1 Condition

Facilities

Health

Healthcare
Governed by the

Department,
Govt. of Bihar

514

42

1327

472

287.10

514

0

2 Condition

Facilities
Governed
Private
(Gaya)

Healthcare

354

179

1717

175

1010.90

214

140

3 Condition

Facilities
Governed

Health

Gaya)

Healthcare

Other Dept. of
State (Other than

Govt. of Bihar-

60

88

56

18.42

58

4 Integrated
Summary

928

225

3132

703

1316.42

730

198
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Healthcare
Facility Status in
the State of
Bihar- Gaya)
Source: Department of Health, Government of Bihar 2019 pg no 6-9 [25]

Table 7 showing: Profile of Common Facilities for Bio-Medical Waste Treatment
Name of | Total No of treatment equipment | Total Treatment Capacity (kg/day)
CBWTFs | (kg/day)
Incinerato | Autoclav | Shredde | Deep | Incinerato | Autoclav | Shredde | Deep
r e r buria | r e r buria
I I
M/s 1 1 1 Nil 4800 2400 1200 Nil
Synergy
Waste
manageme
nt Co. (P)
Ltd A.N.M
Medical
College
Sherghati
Road Gaya,
Bihar

Source: Central Pollution Control Board, CBMWTF Status, 2023 [26]

Waste management in Gaya is closely linked to public health as the district generates a huge amount of
biomedical waste (BMW) from its 928 healthcare facilities. With 225 bedded institutions and over 3,100
hospital beds, the district generates around 1316.42 kg of biomedical waste daily and scientific handling
1s must to prevent infections, contamination and disease outbreaks. Waste management integration with
public health starts with monitoring of biomedical waste generation from government, private and other
departmental health facilities. While 730 healthcare institutions are attached to Common Bio-medical
Waste Treatment Facility (CBWTF), 198 are still not linked, posing health and environmental risks.

To ensure public health safety, Gaya relies on CBWTF operated by M/s Synergy Waste Management Co.
Pvt. Ltd. which has incinerator with a capacity 4800 kg/day, autoclave 2400 kg/day and shredder 1200
kg/day. These facilities help in scientific treatment of infectious waste and prevent hazardous exposure to
healthcare workers, sanitation staff and community.

Public health initiatives also include regular training to medical staff on safe waste segregation, colour
coded disposal and infection control. Awareness campaigns, vector control activities and sanitation drive
support waste management efforts to reduce disease transmission and improve environmental hygiene in
Gaya district.

12. Conclusion
Building urban resilience in Gaya necessitates a comprehensive approach that addresses governance,
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infrastructure, technology, environment, and social inclusion. The city’s challenges—ranging from
blocked drainage and encroachment to ineffective waste segregation and management—are solvable with
integrated planning and systematic adoption of smart solutions. Sustainable waste management and flood
mitigation cannot be achieved by reactive measures alone; rather, proactive and data-driven strategies are
imperative for long-term urban sustainability. With its historical and religious significance, Gaya must
prioritize urban health, safety, and environmental integrity to set an example among medium-sized Indian
cities.

13. Recommendation

e Strengthen Source Segregation &amp; Community Engagement: Gaya should promote strict source
segregation of waste at household and commercial levels, coupled with robust public awareness
campaigns and active involvement of local communities in waste sorting and decentralized
composting.

e Adopt Smart Technology: Implement IoT systems for real-time monitoring of waste bins, drains, and
landfill status, and utilize data analytics for efficient collection routes, early flood warnings, and
targeted maintenance. [] Close Infrastructure Gaps: Expand and modernize waste treatment capacities,
including more composting plants, material recovery facilities (MRFs), and a scientifically managed
sanitary landfill, while phasing out open dumping and burning.

e Policy and Institutional Reforms: Establish a unified Smart Waste Management Policy outlining
departmental responsibilities, compliance standards, enforcement protocols, and incentives for
recycling; pilot innovative solutions in high-risk areas before citywide scale-up. Enhance Financial
&amp; Private Sector Partnerships: Secure funding from municipal budgets, disaster management
funds, and private stakeholders; encourage public- private collaborations and leverage CSR for
technological upgrades.

e Integrate Drainage &amp; Urban Planning: Regularly desilt drains, enforce anti- encroachment
regulations, and invest in green infrastructure like rain gardens and permeable surfaces to reduce flood
risk; coordinate waste and drainage planning under broader city development schemes.

e Public Health Integration: Ensure that biomedical waste from the city’s numerous healthcare facilities
is scientifically handled and fully integrated into the broader waste management system to prevent
disease outbreaks. By prioritizing these actionable recommendations, Gaya can develop a resilient,
sustainable, and liveable urban environment—transforming waste management from a liability to a
pillar of disaster prevention and smart city development.
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