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Abstract

BMWM has become one of the concerns of public health and environmental protection in India due to the increase
in waste generated by various proliferating healthcare facilities. Bio-Medical Waste Management Rules, 2016 and
subsequent amendments have left large implementation loopholes that have given rise to the risk of contagion,
environmental pollution, and workelated injuries. This review discusses BMWM in India under the perspective of
forensic and how source tracing, evidence-based monitoring, and accountability can be used to enhance compliance.
It reveals trends in regulation, challenges inherent in segregation, treatment, and enforcement, as well as the growing
applicability of forensic practices, including waste source attribution, barcoding, geotagging, Al-based surveillance and
blockchain-enriched transparency. New types of treatment technologies that are emerging such as, plasma pyrolysis
and waste to energy conversion are also explored. The review has outlined why the current BMWM should be
integrated with forensic science to regulatory enforcement and technology innovation that can then turn BMWM into
a responsive and a deterrent system and not a compliance obligation. A coordinated policy, science, technology
integrated role is critical to guaranteeing the health of the population, the health of the environment, as well as the
provision of a sustainable platform in the biomedical waste management in India.
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L.OVERVIEW OF BIOMEDICAL WASTE

1.INTRODUCTION
Biomedical waste (BMW) is generated during the diagnosis, treatment, or immunization of humans and
animals and includes infectious, pathological, sharps, chemical, and pharmaceutical materials. Improper
management poses severe risks, such as disease transmission, toxic exposures, and longterm
environmental contamination of air, water, and soil. With the growth of modern healthcare, BMW has
become a global concern, driving continuous refinement of regulatory frameworks and best practices (1).
In India, the challenge is particularly acute. The country produces approximately 743 tons per day (2023),
yet an estimated 28-59% remains untreated or improperly disposed of (2). Such practices, including
open dumping and release into water bodies, significantly threaten ecosystems and public health (3).
Although the Indian BMWM market is projected to grow substantially in the coming decade, economic
incentives for cost-cutting and weak enforcement continue to fuel non-compliance. This makes
biomedical waste not only an environmental issue but also a matter of forensic and regulatory importance
4).
From a forensic standpoint, BMWM extends beyond routine compliance checks. It involves the
application of scientific methods to trace sources of illegal dumping, identify violations, and hold
offenders accountable (5). Recent advances, such as barcoding, geotagging, and Al-powered tracking
systems, enable real-time verification of waste segregation, transport, and treatment, offering proactive
tools for monitoring and enforcement (1). Such approaches transform forensics from a purely
investigative role into a preventive and auditing mechanism.

II.Regulatory Framework of Biomedical Waste Management in India

1.Evolution of BMWM Rules
The Bio-Medical Waste Management Rules, 2016, notified by the Ministry of Environment, Forest &
Climate Change, form the foundation of biomedical waste regulation in India. These rules replaced the
earlier 1998 regulations and expanded the scope to strengthen segregation, collection, treatment, and
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disposal. They apply to all individuals and institutions handling biomedical waste in any form (6).
Subsequent amendments in 2018 and 2019 refined provisions, while the 2020 modification addressed
the surge in waste during the COVID-19 pandemic, particularly from quarantine facilities, hospitals, and
home-care setups. The continuous evolution of these rules reflects an adaptive framework but also creates
complexities for stakeholders, sometimes hindering consistent implementation (7). This dynamic
regulatory environment also poses challenges for forensic assessments, as investigators must determine
compliance relative to the specific version of rules in force at the time of violation (8).

2.Key Provisions: Segregation, Collection, Storage, Transportation, Treatment, and Disposal
o Segregation: Waste must be separated at the point of generation into color-coded containers or bags.
Human and animal anatomical waste, as well as soiled waste, are collected in yellow bags; sharps in
puncture-proof white containers; and plastics such as tubing or catheters in red bags.
e Collection and Storage: Containers must be placed in all critical points of healthcare facilities to ensure
full collection. Storage time is restricted to less than 8-10 hours in large hospitals and up to 24 hours in
smaller facilities. Storage areas require impermeable flooring, drainage, and linkage to effluent treatment
systems.
¢ Transportation: Waste must be transported in dedicated, covered vehicles equipped with GPS tracking
and biohazard labeling. It must be treated within 48 hours of generation. Responsibility for safe transport
lies with the waste handler or vendor.
¢ Treatment and Disposal: Specific methods are mandated for each waste type—incineration or plasma
pyrolysis for anatomical waste, autoclaving or microwaving for plastics and sharps, and chemical
disinfection for certain categories. Shredding is required post-treatment to prevent reuse. Deep burial is
permitted only in remote areas without access to common treatment facilities. Plastic waste cannot be
sent to landfills and must be recycled, used in energy recovery, or for road construction after disinfection
and shredding.
o Utilization: Some biomedical waste types may be utilized by authorized industries, such as
pharmaceutical companies, but this requires explicit authorization from State Pollution Control Boards.
Triple-layer packaging, proper labeling, and detailed record-keeping are mandatory for such transfers.
The detailed, prescriptive nature of these rules provides a clear legal framework. Forensic investigators
can identify violations through measurable indicators, such as mixed or unsegregated waste, improper
packaging, missing GPS logs, or delays beyond the 48-hour limit. These provide strong, evidence-based
grounds for establishing accountability and prosecuting violations (9).
Table 1. Categories of Biomedical Waste and Prescribed Treatment/Disposal Options (as per BMWM
Rules, 2016)

Waste Category | Examples Treatment/Disposal Method

Yellow Anatomical waste, | Incineration, plasma pyrolysis, or deep burial (in specific cases)
soiled waste

Sharps (needles, | Autoclaving/dry heat sterilization, shredding, or encapsulation

blades, syringes)

Source: (10)
III.Current State of Biomedical Waste Management in India: Challenges and Gaps
Despite a comprehensive regulatory framework, India’s biomedical waste management system continues
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to face operational and enforcement challenges (11). These shortcomings not only hinder effective
compliance but also increase the likelihood of environmental harm and public health risks (12).

1. Inadequate Segregation and Collection Practices
Improper segregation of biomedical waste at the point of generation remains a persistent issue. Many
healthcare facilities fail to consistently separate infectious, hazardous, and non-hazardous waste despite
mandatory color-coded systems. This mixing of waste increases the risk of contamination throughout the
treatment chain, complicates safe disposal, and undermines recycling efforts (13). A key reason for this
non-compliance is inadequate training and awareness among healthcare staff, especially contractual waste
handlers with limited job security and frequent turnover (14). Even with strong regulations, poor ground-
level implementation creates systemic vulnerabilities. Forensic investigations of improper disposal must
therefore consider not only physical waste samples but also organizational lapses such as lack of training,
weak oversight, and insufficient monitoring protocols (15).

2. Insufficient Treatment and Disposal Infrastructure
A considerable proportion of biomedical waste remains untreated in India, with reports suggesting up to
half of the total generated volume (16). This untreated waste is often discarded in landfills, open dumps,
or water bodies, causing environmental contamination and infection risks (17). While over 230 Common
Biomedical Waste Treatment Facilities (CBWTFs) are operational nationwide, their distribution is
uneven. Remote regions, including parts of the North-East and certain Union Territories, continue to
rely on deep burial or small captive facilities. Furthermore, many hospitals lack liquid waste treatment
systems, resulting in untreated chemical effluents entering municipal drains. These infrastructural gaps
create strong incentives for illegal dumping and necessitate forensic approaches tailored to diverse
regional contexts (18).

3. Regulatory and Enforcement Gaps
Although stringent rules exist, enforcement often remains weak. Environmental violations are sometimes
treated as administrative infractions rather than serious crimes, leading to low prosecution rates (19).
Penalties are often inconsistent or inadequate to act as deterrents (20). Recent legal reforms, such as the
decriminalization of certain environmental offenses under the Jan Vishwas Act (2023), have replaced
imprisonment with fines (21). For larger institutions, these fines may be negligible compared to the costs
of compliance, creating a “pollute and pay” culture (22). In such an environment, forensic evidence
becomes essential for establishing accountability, strengthening legal cases, and ensuring that violations
lead to meaningful consequences rather than token penalties (23).

IV.Forensic Dimensions and Applications in Biomedical Waste Management

Forensic science in the context of BMWM extends beyond traditional criminal investigation to include
systematic tracking, evidence generation, and accountability mechanisms that ensure compliance with
environmental regulations (10). By integrating forensic methodologies into waste management systems,
violations can be scientifically established, sources of waste identified, and legal action supported with
robust evidence (4).

1.Forensic Tracing of Waste Sources
Biomedical waste often becomes indistinguishable once it enters treatment or disposal streams, making
it difficult to determine responsibility in cases of illegal dumping or mishandling (5). Forensic tracing
employs physical, chemical, and biological markers to link waste back to its point of origin (24).
Techniques such as DNA profiling of soiled materials, chemical residue analysis of pharmaceuticals, and
isotopic signatures in liquid effluents allow investigators to establish source attribution (25). This scientific
evidence can be critical in disputes between healthcare facilities and treatment vendors (26).

2.Application of Technology in Forensic Monitoring
Modern technologies enhance the forensic dimensions of BMWM by providing real-time data and
traceability (27).
¢ Barcoding and RFID tagging ensure that each bag of biomedical waste can be tracked from generation
to final disposal, minimizing chances of diversion or tampering (28).
e GPS-enabled vehicles provide geospatial evidence of transportation routes, making it easier to detect
unauthorized dumping sites (29).
e CCTV surveillance in storage areas and treatment facilities provides visual records that can corroborate
or refute reported compliance (30).
o Artificial intelligence and data analytics can identify anomalies in waste generation patterns, detect
under-reporting, and flag potential fraud in waste inventories (31).
Together, these tools generate verifiable forensic evidence that strengthens regulatory oversight and
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judicial enforcement (32).

3. Investigating Illegal Dumping and Unsafe Disposal
Illegal disposal of biomedical waste into municipal bins, open grounds, and water bodies remains a
recurrent problem in India (33). Forensic investigation in such cases involves site inspection, sample
collection, and laboratory analysis to establish whether the dumped materials match biomedical categories
defined under law (34). Analysis of microbial contamination, presence of blood residues, or
pharmaceutical compounds can serve as irrefutable evidence of biomedical origin (35). This evidence
forms the foundation of legal prosecution under environmental protection laws (36).

4.Preventing Reuse of Biomedical Waste through Forensic Oversight
One of the gravest risks is the unauthorized reuse of sharps, syringes, and plastics recovered from waste
streams (37). Such practices contribute to the spread of infectious diseases including HIV, hepatitis B,
and hepatitis C (38). Forensic auditing can reveal gaps in shredding, sterilization, or recycling protocols.
Examination of waste supply chains helps identify industries or individuals involved in illegal reuse,
enabling enforcement agencies to dismantle such networks and prevent public health disasters (39).

5.Forensic Role in Litigation and Accountability
In cases of biomedical waste mismanagement, forensic science provides the evidentiary backbone for legal
proceedings (40). Courts require scientific validation to establish both the occurrence of violations and
their consequences (41). Forensic reports documenting segregation failures, untreated effluents, or
hazardous exposure serve as admissible evidence. This not only supports prosecution but also creates a
culture of accountability among healthcare facilities and waste operators (42).

V.Emerging Trends and Future Directions in Biomedical Waste Management and Forensic Applications
BMWM is undergoing a rapid transformation globally, with India adapting innovations to meet rising
healthcare demands and environmental challenges (43). The integration of forensic science into waste
governance provides opportunities not only for accountability but also for prevention and sustainable
practices. Emerging trends indicate a shift from conventional waste treatment toward holistic, technology-
driven, and environmentally friendly solutions (44).

A. Digitalization and Smart Monitoring

e IoT-based waste tracking: Internet of Things devices enable continuous monitoring of waste bins,
transportation vehicles, and treatment plants. Sensors can detect fill levels, temperature, and potential
leaks (45).

¢ Blockchain for transparency: Blockchain technology is being explored to create tamper-proof digital
records of waste generation, movement, and treatment, ensuring trust between healthcare providers,
vendors, and regulators (46).

e Al-driven predictive analytics: Artificial intelligence can analyze waste generation trends, detect
anomalies in data, and predict future waste volumes to support capacity planning (47).

B. Green and Sustainable Treatment Technologies

¢ Plasma pyrolysis and advanced autoclaving: Newer thermal technologies reduce emissions compared
to traditional incineration, offering cleaner alternatives for anatomical and infectious waste (48).

¢ Recycling innovations: Safe recycling of disinfected plastics into construction materials or industrial
products reduces landfill burden (48).

¢ Energy recovery: Biomedical waste, after proper treatment, is increasingly being used in waste-to-energy
plants, contributing to sustainable energy generation (49).

C. Integration with Public Health Surveillance

Biomedical waste data, when systematically collected and analyzed, can provide insights into disease
patterns, outbreak hotspots, and healthcare utilization (1). Forensic epidemiology—linking waste with
disease surveillance—has been suggested as a tool for early warning systems, particularly during pandemics
such as COVID-19 (6).

D. Strengthening Community and Occupational Safety

New trends emphasize training, awareness, and protection for both healthcare workers and waste
handlers. Use of personal protective equipment (PPE), vaccination against common blood-borne
pathogens, and real-time health monitoring of waste workers are gaining importance. Forensic audits of
occupational exposure cases can ensure justice and compensation for affected workers (50).

E. Policy Evolution and International Collaboration

e Stricter penalties and incentives: Future amendments to BMWM rules are likely to include higher
penalties for violations, coupled with incentives for facilities adopting eco-friendly technologies (51).

¢ Global partnerships: Collaboration with international agencies and adoption of global best practices
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can accelerate India’s progress in safe waste management (52).
e Standardization of forensic protocols: Developing standardized forensic methods for evidence
collection, waste tracing, and legal documentation will enhance credibility in enforcement actions (53).

VI.CONCLUSION

The biomedical waste management in India has progressed with proper structured set of regulations and
technology innovation in the field however the effectiveness is affected due to gaps in segregation
infrastructure, lack of treatment and poor implementation. Although there exist strong legal frameworks,
poor implementation and varying and light penalties bring about the non-compliance with existing rules.
Implementation of forensic science in BMWM would facilitate the process of introducing accountability
as waste sources can be tracked, illegal dumping could be eliminated, and legal means of waste acceptance
have the grounds of being put into use. New technologies, including analytics and blockchain-based
traceability, as well as smart monitoring systems with the use of Al, further widen the prospects of forensic
applications not only to the investigation process but also to the preventative one. The needs to
incorporate forensic techniques itself, however, will necessitate not only clean technologies of treatment
or safety concerns of personnel but also how policy and practice inherently must integrate them. Finally,
the cross-sectoral cooperation between the healthcare community, regulators, forensic specialists, and
communities can turn BMWM into an instrument that will drive a positive impact in reducing the risk
to public health, environmental health, and the future.
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