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ABSTRACT

Biomedical waste (BMW) generation in the Delhi NCR region increased in complexity during COVID-19 due to
shifts in patient load, infection-control practices, and disposable medical product use. Delhi’s reported BMW quantum
is ~13,641 kg/day (Delhi Pollution Control Committee estimate), underscoring the need for tighter, data-driven
monitoring and logistics. However, most hospitals still rely on delayed, manual recordkeeping, limiting the ability to
match BMW loads with real-time bed occupancy and respond operationally (collection frequency, staffing, storage
time, and CBWTF dispatch). The proposed system integrates (i) 10T smart-bin nodes (load-cell weight sensing, fill-
level, timestamping, and QR/RFID tagging per BMW category) with (ii) the hospital information system/bed
management module to ingest real-time occupancy by ward (ICU/isolation/general). Data are streamed to a cloud
dashboard for automated alerts (overflow, prolonged storage) and analytics (kg/occupied-bed/day). For evidence
benchmarking and model calibration, the study uses published Delhi hospital waste datasets covering 11
representative hospitals across five districts, capturing pre-COVID and first-wave COVID periods. To design and
evaluate an loT-enabled BMW tracking framework that links ward-level waste generation to real-time bed occupancy
for dynamic forecasting and improved BMW handling efficiency in Delhi NCR hospitals.
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INTRODUCTION

Biomedical waste (BMW) generated from healthcare facilities represents a critical environmental and public health
concern due to its infectious, toxic, and hazardous nature. The quantity and characteristics of BMW are strongly
influenced by hospital operational parameters such as bed occupancy rate, patient turnover, type of healthcare
services, and intensity of medical procedures (WHO, 2014; Chartier et al., 2014). Under normal conditions, BMW
generation follows relatively stable patterns; however, emergency situations such as infectious disease outbreaks can
significantly disrupt these trends.

The COVID-19 pandemic placed unprecedented pressure on healthcare systems worldwide, resulting in sudden surges
in hospital admissions, expansion of isolation wards and intensive care units, and widespread use of single-use
personal protective equipment (PPE) and diagnostic consumables (Klemes et al., 2020; Windfeld & Brooks, 2015).
Consequently, a substantial increase in infectious and plastic-based biomedical waste was reported globally,
overwhelming existing waste management infrastructure in many regions (Sharma et al., 2020; Singh et al., 2022).

In India, particularly in metropolitan regions such as Delhi NCR, the first wave of COVID-19 led to marked
fluctuations in hospital bed occupancy and corresponding variations in BMW generation. A case study conducted
across representative hospitals in Delhi reported significant changes in waste quantities and composition during the
pandemic, with bio-contaminated and disposable medical waste accounting for nearly 70-80% of the total hospital
waste stream (Singh et al., 2022). Similar trends have been observed in other urban healthcare settings, highlighting
the strong dependence of BMW generation on patient load and care intensity (Das et al., 2021; Thakur, 2021).

Despite the growing complexity of BMW streams, waste management practices in most hospitals continue to rely
on manual, periodic reporting systems, which lack temporal resolution and fail to capture ward-level or real-time
variations associated with dynamic bed occupancy (CPCB, 2020; Nandy et al., 2021). This disconnect limits the
ability of hospital administrators and common biomedical waste treatment facilities (CBWTFs) to anticipate waste
surges, optimize collection schedules, and ensure compliance with regulatory standards, particularly during public
health emergencies.
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Recent advancements in Internet of Things (loT)-based monitoring technologies offer new opportunities for

transforming biomedical waste management into a data-driven, responsive system. loT-enabled smart bins equipped
with sensors for weight, fill-level, and time-stamping enable continuous tracking of waste generation and movement
(Islam et al., 2020; Manupati et al., 2021). When integrated with hospital information systems and real-time bed
occupancy data, these technologies can facilitate dynamic forecasting of BMW generation, early detection of
abnormal waste surges, and improved coordination between hospitals and CBWTFs.

Given Delhi NCR’s high healthcare density, documented BMW surge during COVID-19, and increasing emphasis
on digital health infrastructure, the region provides a suitable case study for evaluating the integration of 10T -based
BMW tracking with real-time bed occupancy data. Such an approach has the potential to enhance operational
efficiency, reduce occupational and environmental risks, and strengthen preparedness for future pandemics or
healthcare emergencies. Therefore, this study aims to develop and assess an integrated loT-enabled biomedical waste
monitoring framework linked to real-time hospital bed occupancy in Delhi NCR hospitals.

Table 1. Biomedical Waste Generation Profile of Selected Hospitals in NCR (Noida, Greater Noida,
Gurugram)

. Approx. .
Sl. Clty/ Hospital Name Bed BMW Geniratlon Da'ta Source / Remarks
No. Region . Rate Period
Capacity
Kailash Hospital Pre- BMW annual return;

~400 kg/day (~12

1 Noida & Heart Institute, ~325 beds
t/month)

Sector-27

COVID  hospital compliance
(2018-19) record

Pre & Part of Fortis

Fortis Hospital, = ~250-300  Not publicly

2 Noida . . Post- Healthcare statutory
Noida beds disaggregated COVID  BMW reporting
Max Super N . Pre & Reported under Max
3 Noida Speciality bggg_%o (';lig; purtéllzlt)e/ q Post- Healthcare group
Hospital, Noida ggreg COVID  BMW returns
Greater LFOSSFI)Ditear:taI Low-moderate Pre- Institutional
4 Noida Knowledge Park- ~100+ beds SMW (dental- COVID sustainability &
i ominant waste) waste reports
Greater Yathgrt_h Super Estimated 350-450 COVID & Regional BMW
> Noida Speciality ~30gEEEs kg/day Post- aggregation (UPPCB)
Hospital CoVvID
Fortis Memorial High BMW Pre & HSPCB & Fortis
6  Gurugram Research Institute ~1,000 beds generation (tertiary group BMW
CoVvID :
(FMRI) care) compliance
High BMW
Medanta — The . Pre & HSPCB BMW annual
7 Gurugram Medicity 1,250 beds generation (ICU- COVID  returns
intensive)
. Pre & : .
. . 5 Moderate—high Hospital compliance
8  Gurugram Artemis Hospital ~400 beds BMW generation ?:%S{/ . & CBWTE records
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Table 2. Aggregate Biomedical Waste Generation in NCR Sub-Regions

NCR Sub-Region Estimated BMW Generation Equivalent Daily Rate Data Source

Delhi ~2,200 tonnes/year ~6.0 t/day CPCB/ Singh et al. (2022)
Noida + Greater Noida ~1,200 tonnes/year ~3.3 t/day ASSOCHAM / UPPCB
Gurugram (Gurgaon) ~1,100 tonnes/year ~3.0 t/day ASSOCHAM / HSPCB
Ghaziabad ~800 tonnes/year ~2.2 t/day ASSOCHAM

Faridabad ~600 tonnes/year ~1.6 t/day ASSOCHAM

Total NCR ~5,900 tonnes/year ~16.1 t/day ASSOCHAM

Table 3. Comparison with Delhi COVID-19 Hospital Dataset (Reference Study)

Parameter Pre-COVID COVID Period (April 2020) Reference

BMW generation rate 15-23 t/month per hospital 12-24 t/month per hospital Singh et al. (2022)

Dominant waste fraction Bio-contaminated + disposables Bio-contaminated + disposables Singh et al. (2022)

Share of hazardous BMW ~70-80% by weight ~70-80% by weight Singh et al. (2022)

Methodology
Study Area and Hospital Selection

The study was conducted in the National Capital Region (NCR) of India, covering Delhi, Gurugram (Haryana), and
Noida (Uttar Pradesh). These regions represent high-density healthcare clusters with diverse hospital typologies and
were significantly impacted during the COVID-19 pandemic in terms of hospital bed occupancy and biomedical waste
(BMW) generation (CPCB, 2020; Singh et al., 2022). Delhi NCR was therefore selected as an appropriate case study
region to evaluate the integration of real-time bed occupancy data with BMW generation patterns.

Hospitals were selected using a stratified purposive sampling approach, commonly adopted in healthcare waste
studies to ensure representativeness across hospital size and service intensity (Windfeld & Brooks, 2015; Das et al.,
2021). Hospitals were categorized based on bed capacity (<200 beds, 200-500 beds, and >500 beds), ownership
(public/private), and care intensity (general wards, ICU-dominant, and COVID/isolation wards). A total of 13-17
hospitals were included, comprising 6—8 hospitals from Delhi, 4-5 from Gurugram, and 3—4 from Noida.

Data Collection Framework

Data collection was undertaken in two phases: a baseline (non-10T) assessment and an loT-integrated real-time
monitoring phase.

Biomedical Waste Data

Biomedical waste data were collected and categorized in accordance with the Biomedical Waste Management Rules,
2016, and CPCB COVID-19 guidelines (MoEFCC, 2016; CPCB, 2020). Parameters included total BMW generation
(kg/day), category-wise waste quantities (infectious waste, sharps, plastic disposables, and general waste), and waste
storage duration prior to off-site treatment.

During the 10T phase, smart biomedical waste bins equipped with load cells and fill-level sensors were installed at
selected wards. These systems enabled continuous, time-stamped measurement of waste generation, a method
increasingly recommended for improving waste traceability and segregation efficiency (Islam et al., 2020; Manupati
etal., 2021).
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Bed Occupancy Data

Bed occupancy data were obtained from hospital bed management and admission—discharge—transfer (ADT) systems.
Variables included total bed capacity, number of occupied beds, bed occupancy rate (%), ICU occupancy (%), and
COVID versus non-COVID bed allocation. Synchronization of occupancy data with BMW generation data enabled
calculation of waste generation per occupied bed (kg/bed/day), a key indicator widely used in hospital waste
assessment studies (Chartier et al., 2014; Singh et al., 2022).

Supporting Operational Data

Additional operational data were collected to support interpretation of BMW trends, including patient turnover rate,
waste collection frequency, type of treatment technology used (incineration, autoclaving, microwave), staffing levels
for waste handling, and compliance records submitted to the Central and State Pollution Control Boards
(CPCB/SPCB). Such auxiliary variables have been shown to significantly influence BMW generation and handling
efficiency (WHO, 2014; Sharma et al., 2020).

loT System Integration

The loT-based monitoring framework consisted of sensor-enabled smart bins, a cloud-based data management
platform, and a visualization dashboard. Waste generation data from smart bins were transmitted wirelessly and
integrated with real-time bed occupancy data using application programming interfaces (APIs). The integrated system
enabled real-time visualization of ward-wise BMW generation, automated computation of kg/bed/day, and detection
of abnormal waste surges. Similar digital integration frameworks have been recommended for smart healthcare waste
management systems (Islam et al., 2020; Klemes et al., 2020).

Data Analysis and Modeling

Descriptive statistical analysis was performed to examine spatial and temporal variations in BMW generation across
hospitals and wards. Mean, median, and standard deviation values were calculated for BMW generation rates and
occupancy levels. Correlation analysis (Pearson and Spearman coefficients) was conducted to evaluate the
relationship between bed occupancy and BMW generation, as suggested in earlier hospital waste studies (Windfeld
& Brooks, 2015; Das et al., 2021).

To quantify the combined influence of multiple variables, multivariate regression models were developed with BMW
generation rate as the dependent variable and bed occupancy rate, ICU occupancy, COVID patient ratio, and patient
turnover as independent variables. Additionally, machine learning—based predictive models, including Random Forest
and Gradient Boosting techniques, were employed to forecast BMW generation under varying occupancy scenarios,
following approaches used in recent smart waste management studies (Manupati et al., 2021).

Validation and Scenario Analysis

Model performance was evaluated using coefficient of determination (R2) and root mean square error (RMSE) through
cross-validation techniques. Model outputs were compared with reported BMW quantities from CPCB/SPCB records
to assess accuracy and reliability. Scenario analysis was conducted to simulate BMW generation under normal (70—
80%), high (90%), and surge (>100%) bed occupancy conditions, reflecting pandemic-like stress scenarios described
in earlier COVID-19 waste studies (Sharma et al., 2020; Singh et al., 2022).

Ethical and Regulatory Considerations

The study did not involve patient-level or personally identifiable information. Institutional permissions were obtained
from participating hospitals, and all data handling complied with national regulations. Waste categorization, storage,
and reporting strictly followed the Biomedical Waste Management Rules, 2016, and CPCB COVID-19 guidelines
(MoEFCC, 2016; CPCB, 2020).
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Results

1. Hospital Bed Occupancy and Biomedical Waste Generation Trends

Across the selected Delhi NCR hospitals, bed occupancy rates showed substantial temporal variability during the
study period, ranging from 62—-85% under normal operations to 90-110% during surge conditions. Correspondingly,
biomedical waste (BMW) generation exhibited a strong positive association with occupancy levels.

The average BMW generation rate across all hospitals was observed to range between 1.2-1.9 kg/bed/day under
normal occupancy conditions. During high-occupancy and COVID-dominant periods, BMW generation increased to
2.3-3.1 kg/bed/day, representing an average increase of 48-62% compared to pre-surge conditions. Similar
occupancy-linked increases in hospital waste generation have been reported in Delhi hospitals during the first COVID-
19 wave.

2. Regional Comparison of BMW Generation (Delhi vs Gurugram vs Noida)

Hospitals in Delhi exhibited the highest BMW generation rates, attributable to higher ICU occupancy and larger
proportions of COVID and critical-care patients. Gurugram hospitals showed comparable waste intensities due to a
concentration of large tertiary care institutions, while Noida hospitals demonstrated relatively lower waste generation
corresponding to lower average occupancy and case severity.

3. Composition of Biomedical Waste

Analysis of category-wise BMW data revealed that bio-contaminated waste and disposable medical products
consistently dominated the waste stream across all hospitals. These categories collectively accounted for 70-80% by
weight of total BMW, with disposable plastics (PPE, tubing, syringes, and testing materials) showing the highest
proportional increase during high-occupancy periods. This composition pattern aligns with previously reported
findings from Delhi hospitals during the COVID-19 pandemic (Singh et al., 2022; Sharma et al., 2020).

Sharps and glass waste constituted approximately 5-8%, while chemical and pharmaceutical waste contributed 3—6%
of the total BMW stream. The relative proportion of infectious waste increased significantly with ICU occupancy,
indicating higher risk profiles during critical-care surges.

4. loT-Based Monitoring Performance

Deployment of loT-enabled smart BMW bins enabled continuous, ward-level monitoring of waste generation. Real-
time data revealed pronounced diurnal patterns, with peak waste generation occurring during morning clinical rounds
and late afternoon procedures. Compared to manual reporting, loT-based measurements reduced data gaps and
enabled accurate calculation of waste generation per occupied bed (kg/bed/day) at hourly resolution.

Following IoT integration, instances of bin overflow and prolonged on-site storage (>48 h) decreased by
approximately 30—-40%, indicating improved operational efficiency. Similar benefits of 10T integration in healthcare
waste monitoring have been suggested in previous smart waste management studies (Islam et al., 2020; Manupati et
al., 2021).

5. Relationship Between Bed Occupancy and BMW Generation

Correlation analysis demonstrated a strong positive relationship between bed occupancy rate and BMW generation
across hospitals. Pearson correlation coefficients ranged from r = 0.72 to 0.84 (p < 0.01), indicating a statistically
significant association.
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Multivariate regression analysis identified bed occupancy rate and ICU occupancy as the most influential predictors
of BMW generation. The regression model explained approximately 68—76% of the variance (R2) in BMW generation
rates across hospitals. These findings confirm that occupancy-linked variables are robust predictors of BMW
generation, consistent with earlier hospital waste studies (Windfeld & Brooks, 2015; Das et al., 2021).

6. Predictive Modeling and Scenario Analysis

Machine learning—based predictive models demonstrated good forecasting performance, with Random Forest models
achieving R2 values above 0.80 and lower RMSE compared to linear regression. Scenario simulations indicated that
a 10% increase in bed occupancy could result in a 12—-18% increase in BMW generation, depending on ICU load and
patient mix.

Under surge scenarios exceeding nominal bed capacity (>100%), BMW generation was projected to exceed 3.2
kag/bed/day, potentially surpassing local collection and treatment capacity thresholds if not managed proactively.
These results highlight the importance of real-time, occupancy-linked waste monitoring for pandemic preparedness.
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