et A,
FTISREM Y]

yeemn?  International Journal of Scientific Research in Engineering and Management (IJSREM)
w Volume: 09 Issue: 05 | May - 2025 SJIF Rating: 8.586 ISSN: 2582-3930

Biomedical Waste Treatment: Technologies, Challenges, and Management
Strategies

Biplab Konar?, Mr. Chitranjan Kumar?

1 M.Tech Student Department of Civil Engineering, School of Engineering and Technology, Shri Venkateshwara University, U.P.,
Gajraula - 244236
2 Assistant Professor, Department of Civil Engineering, School of Engineering and Technology, Shri Venkateshwara University,
U.P., Gajraula - 244236

Abstract

Biomedical waste (BMW) management is a critical global concern due to its potential risks to public health and the environment,
particularly with the rising waste volumes from healthcare facilities. This paper examines current treatment technologies—
including incineration, autoclaving, chemical disinfection, microwave treatment, and plasma pyrolysis—analyzing their efficacy,
environmental impact, and operational challenges. Emerging trends like waste minimization, resource recovery, and smart
tracking systems are explored as sustainable solutions. However, challenges such as regulatory gaps, inadequate infrastructure,
high costs, and lack of awareness hinder effective implementation. To address these issues, the study proposes an integrated
management strategy combining advanced technologies, stringent policies, and capacity-building initiatives to ensure safe,
sustainable, and efficient biomedical waste disposal while mitigating health and environmental risks.
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1. Introduction

Biomedical waste (BMW) refers to any waste produced
during medical and healthcare activities, such as blood-soaked
materials, human tissues, used needles, surgical instruments,
and expired medicines. Because it may contain infectious or
toxic substances, improper handling of biomedical waste can
pose serious risks to human health, wildlife, and the
environment. If not managed correctly, it can spread diseases,
contaminate water and soil, and cause injuries to healthcare
workers and waste handlers. For these reasons, safe treatment
and disposal of biomedical waste are crucial for protecting

public health and maintaining environmental safety.

The growing demand for healthcare services, driven by

aging
advancements, has led to a sharp increase in biomedical waste

population  growth, societies, and  medical
generation. Hospitals, clinics, and laboratories now produce
large amounts of waste, including syringes, gloves, bandages,

and pharmaceutical residues. This waste is especially

dangerous because it can carry harmful germs, toxic
chemicals, and drug residues. If not disposed of properly, it
can spread infections like HIV and hepatitis through needle-
stick injuries or contaminate water sources, leading to long-
term health and environmental problems. To reduce these
risks, biomedical waste must be carefully segregated, treated
using methods like autoclaving or incineration, and safely
disposed of in controlled landfills or waste-to-energy plants.
Strong policies, proper infrastructure, and staff training are

essential to ensure effective waste management.

In India, biomedical waste generation has risen significantly
over the years. In 2008, healthcare facilities produced around
409,141 kg of waste per day, which increased to 557,946 kg
per day by 2017. States like Karnataka, Maharashtra, Tamil
Nadu, and Uttar Pradesh are among the highest generators of
biomedical waste. Some regions, such as Puducherry and

Jharkhand, produce much more waste per healthcare facility
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compared to others like Manipur, where waste generation is
relatively low. This variation highlights the need for better
waste management strategies tailored to different regions.

The health and environmental risks of improper biomedical
waste disposal are severe. Used needles, blood-stained
materials, and discarded medicines can transmit deadly
infections like HIV and hepatitis if they come into contact
with people. When waste is dumped into rivers or landfills, it
can pollute drinking water and soil, leading to long-term
contamination. Burning biomedical waste without proper
controls releases toxic chemicals into the air, causing
These

dangers make it clear that strict waste management policies,

respiratory diseases and environmental damage.

proper treatment methods, and public awareness are necessary

to prevent harm to both people and the planet.

Color Waste Type Examples Treatment/Disposal
Infectious and Human Incineration, deep
pathological waste | tissues, burial

Yellow

blood-soaked
materials
Contaminated Tubes, Autoclaving,
Red recyclable waste syringes (non- shredding, recycling
sharps), IV
sets
Sharps waste Needles, Autoclaving,
Blue/White scalpels, glass shredding,
vials encapsulation
Non-hazardous Paper, food Municipal solid
Black general waste waste, . waste disposal
packaging
materials
Chemical and Expired Chemical

Yellow R .

. pharmaceutical medicines, treatment,

with Red L L .
waste disinfectants incineration

Figure: Standard Color-Code Chart

2. LITERATURE REVIEW

Biomedical waste management (BMWM) has emerged as a
critical global challenge due to its direct impact on public
health and environmental sustainability. The increasing
volume of biomedical waste, driven by expanding healthcare

services, aging populations, and advancements in medical

technology, necessitates robust and efficient waste
management systems. Studies highlight that improper disposal
of biomedical waste can lead to the spread of infectious
diseases such as HIV, hepatitis B, and hepatitis C, particularly
through needle-stick injuries and contaminated materials.
Environmental risks include soil and water contamination from
pharmaceutical residues and toxic emissions from incineration,
which release harmful pollutants like dioxins and furans. These
risks underscore the urgent need for effective segregation,
treatment, and disposal methods to mitigate health and

environmental hazards.

The classification of biomedical waste is a foundational aspect
of its management. Regulatory frameworks, such as the World
(WHO)
Biomedical Waste Management Rules (2016), categorize

Health  Organization guidelines and India’s

waste into infectious, pathological, sharps, chemical,
pharmaceutical, genotoxic, radioactive, and non-hazardous
types. Proper segregation at the point of generation using
color-coded systems is emphasized to ensure safe handling and
treatment. However, challenges persist, particularly in
developing nations, where inadequate infrastructure, lack of
awareness, and inconsistent regulatory enforcement hinder
effective waste management. For instance, in India, biomedical
waste generation surged from 409,141 kg/day in 2008 to
557,946 kg/day in 2017, with significant disparities in waste

management practices across states.

Treatment technologies for biomedical waste vary in efficacy,
cost, and environmental impact. Traditional methods like
incineration, while effective in volume reduction, face
criticism for emitting toxic pollutants. Autoclaving and
microwaving offer safer alternatives for sterilizing infectious
waste but are limited to specific waste types. Emerging
technologies such as plasma pyrolysis and alkaline hydrolysis
present sustainable solutions by converting waste into non-
toxic byproducts, though their high costs and technical
requirements limit widespread adoption. Chemical disinfection
is commonly used for liquid waste but poses risks of secondary
pollution. The choice of technology often depends on regional
infrastructure, regulatory compliance, and financial resources,

highlighting the need for context-specific solutions.
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in BMWM are multifaceted,
infrastructural deficits, financial constraints, and behavioral

Challenges encompassing
barriers. Rural and remote areas face acute shortages of
treatment facilities, leading to reliance on unsafe practices like
open burning or dumping. Informal recycling sectors
exacerbate health risks by scavenging hazardous waste without
protective measures. Additionally, gaps in workforce training
and public awareness contribute to improper segregation and
handling. Case studies from countries like Sweden, which
integrates waste-to-energy systems, and Rwanda, which
employs low-cost autoclaving in rural clinics, demonstrate the
potential of innovative and scalable solutions. These examples
underscore the importance of decentralized systems, public-
private partnerships, and

community engagement in

overcoming logistical and financial barriers.

Future trends in BMWM are increasingly aligned with
sustainability and technological innovation. The integration of
IoT and Al for real-time waste tracking, robotic sorting
systems, and decentralized treatment units promises to enhance
efficiency and compliance. Emphasis on circular economy
principles, such as recycling non-hazardous materials and
adopting biodegradable medical supplies, reflects a shift
toward eco-friendly practices.

Strengthened regulatory

frameworks and global collaboration are essential to
standardize practices and ensure accountability. Ultimately,
effective biomedical waste management requires a holistic
approach that combines advanced technologies, stringent
policies, and continuous education to safeguard public health

and the environment.

3. BODY OF PAPER

3.1 Overview of Biomedical Waste Management in

India

Biomedical waste (BMW) has emerged as a critical
environmental and public health concern in India due to the
rapid expansion of healthcare infrastructure,

growth, and

population

increased demand for medical services.
Biomedical waste includes waste generated during diagnosis,
treatment, or immunization of humans and animals, as well as

in related research activities. India generates an estimated

800-1000 tonnes of biomedical waste per day, and while
about 85% is considered non-hazardous, the remaining 15%
poses significant risks if not properly managed. Inefficient
segregation, lack of compliance with regulations, and
inadequate treatment facilities lead to the improper disposal of
infectious waste, which can spread diseases, contaminate

water sources, and harm sanitation workers.

The Ministry of Environment, Forest and Climate Change
(MoEFCC) introduced the Biomedical Waste Management
Rules in 2016 (amended in 2018 and 2019), making
segregation at source, color-coded collection, and scientific
disposal mandatory. Despite policy frameworks, many
healthcare facilities still lack basic infrastructure or training to
manage waste efficiently. The COVID-19 pandemic further
exposed systemic gaps, as the volume of waste surged due to
PPE kits, masks, and other disposables. This necessitated the
urgent strengthening of biomedical waste treatment
technologies and implementation mechanisms across urban

and rural healthcare facilities.
3.2 Methodology

This study adopts a comprehensive qualitative-analytical
approach to examine existing biomedical waste treatment
India. The
methodology includes a review of published government data,
Central Pollution Control Board (CPCB) reports, World

Health Organization (WHO) guidelines, and peer-reviewed

technologies and management practices in

journal articles from the last ten years. Additionally, case
studies of selected Indian states and urban centers were
analyzed to understand regional variations in biomedical

waste generation and treatment capacity.

Data was compiled on the number of Common Biomedical
Waste Treatment and Disposal Facilities (CBWTFs), their
processing capacities, treatment technologies in use, and the
regulatory compliance status. To assess the effectiveness of
technologies, comparative analysis was conducted based on
treatment efficiency, environmental impact, scalability, and
operational costs. The research also involved interviews and
secondary data from NGOs, hospital administrators, and waste
handlers to understand the on-ground challenges faced in
implementing the BMWM Rules.
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3.3 Biomedical Waste Treatment Technologies in

India

Biomedical waste treatment in India employs a combination
of thermal, chemical, mechanical, and biological processes,
depending on the type of waste and local infrastructure.
Incineration remains one of the most widely used methods,
waste.

particularly for pathological and pharmaceutical

Modern incinerators operate at temperatures exceeding
1,000°C to ensure complete combustion and pathogen
destruction. However, environmental concerns related to
dioxin and furan emissions have led to stricter emission norms

and the gradual shift to more sustainable alternatives.

Autoclaving is another common method used mainly for
disinfecting microbiological and sharps waste. It involves
steam sterilization under pressure and is particularly effective
in small- to medium-sized hospitals. Microwaving, which uses
electromagnetic radiation for sterilization, is gaining
popularity in urban healthcare settings due to its energy
efficiency and low emissions. Other emerging techniques
include plasma pyrolysis, which employs high-temperature
plasma arcs to break down organic waste into non-toxic gases
and residues, and advanced chemical disinfection using

sodium hypochlorite or chlorine dioxide.

Technological choice depends not only on waste type but also
on financial capacity, regulatory enforcement, and operational
know-how. In rural areas and smaller clinics, resource
constraints often lead to non-compliance, resulting in unsafe

disposal practices such as open burning or burial.
3.4 Challenges in Biomedical Waste Management

Despite  regulatory advancements, biomedical waste
management in India continues to face multiple challenges. A
primary concern is the lack of effective segregation at the
source. Many hospitals and clinics do not strictly follow the
color-coded segregation system, leading to the mixing of
hazardous and general waste, which complicates treatment
and increases risks to handlers. Additionally, India has an
uneven distribution of CBWTFs, with many rural districts

lacking access to centralized treatment facilities. This forces

smaller clinics to rely on temporary, non-scientific disposal

methods.

The high cost of installing and maintaining treatment
equipment, especially for private or rural healthcare centers,
leads to dependency on informal waste pickers and
unregulated practices. Inadequate training of healthcare staff,
poor awareness among workers, and insufficient monitoring
by pollution control boards also contribute to ineffective
waste handling. During health emergencies like COVID-19,
these problems become magnified, as seen in the 2020-2021
period where the sudden spike in waste overwhelmed existing

systems.

Data inconsistencies further hamper decision-making. Many
states lack real-time data tracking systems, and reporting is
often delayed or inaccurate. The absence of public-private
partnerships in several regions means technological
innovation and investment remain stagnant. Furthermore, the
threat of disease transmission to informal waste handlers and
communities near dumping sites highlights the need for

integrated and inclusive waste governance.

3.5 Current Policies and Their Implementation
Status

The Biomedical Waste Management Rules, 2016 (amended in
2018 and 2019), are the cornerstone of India’s regulatory
framework. These rules classify biomedical waste into four
color-coded categories—yellow, red, white, and blue—each

types
treatment methods. Hospitals are mandated to ensure on-site

representing different waste and corresponding
segregation, barcoded tracking, and disposal via authorized
CBWTFs. However, compliance varies significantly across

regions.

Large hospitals in metropolitan cities are more likely to
adhere to regulations due to better infrastructure and strict
oversight. In contrast, small and rural facilities often remain
unaware or non-compliant due to resource limitations. The
CPCB

indicate that while metropolitan areas like Delhi, Mumbai,

regularly publishes performance reports, which
and Bengaluru have high compliance rates, Tier-2 and Tier-3

cities lag behind.
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Government initiatives such as the National Green Tribunal’s
intervention, Swachh Bharat Abhiyan, and Digital India are
helping bridge gaps through improved monitoring and
automation. The adoption of GPS-based vehicle tracking,
mobile waste collection applications, and online reporting
portals has improved accountability. However, capacity-

building at the grassroots level remains insufficient.
3.6 Future Strategies and Recommendations

To ensure safe and sustainable biomedical waste management
in India, a multi-dimensional approach is necessary. First,
there must be an emphasis on rigorous training programs for
healthcare personnel at all levels. A national-level
certification program for waste handlers and segregation
supervisors can enhance compliance and reduce risks. Second,
expanding the CBWTF network, especially in underserved
rural and hilly areas, will ensure equitable access to treatment

facilities.

Technological innovation should be encouraged through
public-private partnerships (PPPs), with incentives for
adopting environmentally friendly technologies like plasma
pyrolysis, dry heat sterilization, and eco-friendly packaging.
Waste-to-energy initiatives should be explored where feasible,
especially in large hospitals with substantial daily waste

generation.

Policy enforcement needs strengthening through real-time
monitoring systems using RFID tags and digital dashboards.
Furthermore, public awareness campaigns are crucial to
inform not only hospital staff but also patients and

communities about the hazards of improper disposal.

Integrating biomedical waste management into health
education curriculums and accreditation protocols can ensure

long-term sustainability.

Finally, aligning biomedical waste policy with broader goals
such as the Sustainable Development Goals (SDGS),
particularly SDG 3 (Good Health and Well-being) and SDG
12 (Responsible Consumption and Production), will provide a

robust foundation for long-term improvements.

Calor-Cotded Biomedical Waste Categories and Treatment Proportions

Black - Hon-Hazardeus INunicipy

I neratar

Fig 1: Biomedical Categories and Treatment Proportions
Fig 2: Biomedical Categories and Treatment Proportions in India

4. Results and Discussion

4.1 Biomedical Waste Generation and Disposal

Trends in India

The analysis of current biomedical waste management
practices in India reveals a growing disparity between waste

generation and treatment capacity. As per Central Pollution
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Control Board (CPCB) data, India generated over 775 tonnes
in 2023, with states like

Maharashtra, Tamil Nadu, Karnataka, and Uttar Pradesh

of biomedical waste daily
accounting for the highest volumes. However, the number of

operational Common Biomedical Waste Treatment and
Disposal Facilities (CBWTFs) remains insufficient, especially
in rural and semi-urban regions. While Tier-1 cities have
adopted relatively better segregation and disposal practices, a
significant volume of waste in Tier-2 and Tier-3 cities is
either mixed with municipal solid waste or burned in open
areas, leading to environmental pollution and serious health

hazards.

Field observations and secondary data suggest that although
88% of the waste is reported to be treated according to
regulatory standards, the quality and consistency of treatment
vary widely. Several smaller healthcare units and clinics are
found to be non-compliant with BMWM Rules due to
inadequate training, lack of awareness, or limited access to
During the COVID-19
pandemic, the biomedical waste load increased by over 20%,

authorized treatment facilities.
severely burdening existing treatment systems and revealing
deep systemic weaknesses in storage, transportation, and

disposal protocols.
4.2 Evaluation of Existing Treatment Technologies

The comparative analysis of biomedical waste treatment
technologies in India indicates that while incineration remains
dominant, its use is declining due to the environmental
concerns associated with toxic emissions such as dioxins and
furans. Autoclaving and microwaving are increasingly being
adopted, particularly in hospitals located in urban centers, due
to their lower environmental footprint and relatively safer
operational requirements. Plasma pyrolysis and hydroclaving,
although technologically advanced, have not yet been widely
deployed because of high capital investment and limited

technical expertise in handling these systems.

Case studies from Delhi, Mumbai, and Bengaluru reveal that
facilities utilizing autoclaving and microwave disinfection
reported more consistent compliance with emission standards
and regulatory benchmarks. Conversely, many incineration

plants were observed to operate below optimal combustion

temperatures, raising concerns over incomplete destruction of
pathogens and uncontrolled air pollution. The integration of
GPS tracking in waste transport vehicles and barcode-labeled
bags in some hospitals has shown improvement in traceability

and accountability in the waste management process.

In simulated cost-performance assessments, autoclaving
emerged as a cost-effective solution for medium-sized
hospitals, while plasma pyrolysis proved ideal for large
healthcare campuses with high daily waste output.
Technologies that incorporated Al-based monitoring systems
demonstrated greater efficiency in resource use, real-time

diagnostics, and emissions tracking.
4.3 Implementation Gaps and Systemic Challenges

Despite the availability of diverse treatment technologies,

systemic challenges hinder effective biomedical waste
management across India. The absence of uniform compliance
in rural and peripheral health centers is particularly alarming.
Interviews with facility managers and waste handlers revealed
that color-coded segregation is not rigorously followed in
many smaller hospitals, often leading to the mixing of
hazardous and non-hazardous waste streams. This results in
increased volumes of waste requiring treatment, thus inflating

operational costs and reducing system efficiency.

Infrastructure limitations were also evident in the uneven
distribution of CBWTFs across the country. In several
northeastern and central Indian states, hospitals are forced to
store waste for extended periods due to the lack of nearby
treatment facilities. Additionally, many existing plants suffer
from poor maintenance, outdated equipment, and non-
functional monitoring systems. Regulatory oversight by State
Pollution Control Boards (SPCBs) remains inconsistent, with
irregular

inspections and delayed penalties for non-

compliance.

Financial constraints also play a key role, as smaller
healthcare units often lack the funds required to invest in
advanced technologies or maintain logistics systems like GPS
tracking and barcode-enabled segregation. The shortage of

trained personnel in waste handling and the lack of
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standardized curricula for biomedical waste management

further aggravate the issue.

4.4 Opportunities for Technological Integration and

Policy Reform

Despite these challenges, there exists considerable scope for
improvement through the integration of technology, capacity-
building initiatives, and regulatory reform. The application of
Al and loT in biomedical waste tracking and treatment
monitoring has already shown positive outcomes in pilot
programs across cities like Pune and Hyderabad. These
systems offer real-time data on waste generation, treatment
status, and compliance, enabling quicker response and policy

enforcement.

Policy reforms such as strengthening the implementation of
BMWM Rules 2016, incentivizing public-private partnerships
(PPPs), and expanding the coverage of CBWTFs can
significantly improve the treatment landscape. Furthermore,
the establishment of regional waste treatment clusters can
serve areas with limited infrastructure and reduce the burden
on individual facilities. The success of centralized waste
management systems in countries like Germany and Japan

serves as a useful model for India to emulate.

Investing in staff training and awareness campaigns, both in
public and private healthcare sectors, can lead to better
segregation practices and safer handling of infectious
Additionally,
treatment technologies, such as solar-powered autoclaves or

materials. the promotion of decentralized
compact microwave units for remote locations, can close the

gap in underserved regions.
4.5 Comparative Insights from Global Models

A comparison with global best practices reveals that India's
biomedical waste management systems lag behind in both
scale and sophistication. Countries such as Sweden and the
Netherlands have successfully implemented closed-loop
systems that integrate waste treatment with energy recovery
and circular economy principles. In Singapore, biomedical
waste is handled using fully automated, sensor-driven
disinfection units that ensure minimal human contact and high

safety standards.

In contrast, India’s dependence on manual processes and
limited automation leaves room for human error and
occupational health risks. The lack of a unified national
biomedical waste data platform hinders transparency and
cross-regional planning. Learning from these global examples,
India can design its future strategy around decentralized
treatment, integration of renewable energy, and real-time

tracking tools.
4.6 Alignment with Sustainability Goals

The findings of this research emphasize the urgent need for
India to align biomedical waste management strategies with
the United Nations Sustainable Development Goals (SDGs),
particularly SDG 3 (Good Health and Well-being), SDG 6
(Clean Water and Sanitation), and SDG 12 (Responsible
Consumption and Production). Effective biomedical waste
treatment not only prevents disease transmission and
environmental degradation but also fosters a culture of

sustainable public health governance.

Realizing this vision requires a concerted effort involving

government agencies, healthcare providers, technology
developers, and the general public. By institutionalizing best
practices, adopting scalable technologies, and ensuring
equitable access to treatment facilities, India can transition
sustainable biomedical waste

toward a resilient and

management framework.

5. Conclusion

The management of biomedical waste in India remains a
critical challenge in the broader context of public health,
environmental protection, and sustainable development. This
research highlights the complex landscape of biomedical
waste generation, treatment, and regulatory enforcement,
especially in light of the increasing burden placed on
healthcare systems. The findings indicate that although India
has made notable progress through the implementation of the

Biomedical Waste Management Rules, 2016 and subsequent

amendments, significant gaps persist in technological
adoption, infrastructural availability, and institutional
capacity.
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The analysis demonstrates that traditional treatment methods
such as incineration are still widely used, despite their
environmental risks. In contrast, cleaner technologies such as
autoclaving, microwaving, and plasma pyrolysis offer more
sustainable alternatives but face barriers related to cost,
technical know-how, and operational complexity. The study
also shows that non-compliance with segregation practices,
especially in rural and smaller healthcare facilities,
exacerbates the problem by increasing the volume of

hazardous waste and reducing treatment efficiency.

It is evident that a one-size-fits-all approach cannot resolve
the biomedical waste issue in a country as diverse and
populous as India. A combination of centralized and
decentralized treatment models, customized to the needs and
capacities of different regions, is necessary. Furthermore, the
loT-enabled

tracking, Al-driven monitoring, and real-time compliance

integration of emerging technologies like

systems can revolutionize biomedical waste management by

improving transparency, accountability, and operational

efficiency.

The comparative insights drawn from international models
underscore the need for India to adopt a more proactive and
includes

system-oriented approach. This investing in

infrastructure,  fostering  public-private  partnerships,
developing workforce capabilities, and promoting public
awareness campaigns. Aligning these efforts with national
health and environmental policies—as well as global
sustainability frameworks—will be essential for long-term

resilience.

Ultimately, effective biomedical waste management is not
only a matter of regulatory compliance but also a moral
imperative to protect human life and ecological balance. As
India continues to expand its healthcare reach, the urgency to
modernize waste treatment systems and embed sustainability
at every level becomes paramount. The research concludes
that with strategic investments, institutional reforms, and
technology-driven innovation, India can build a robust,
equitable, and environmentally sound biomedical waste
management framework that serves both present and future

generations.
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