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Abstract:
Background: Healthcare facilities (HCFs) are the principal contributors to healthcare waste generation.

Objective:

To quantify the production of healthcare waste in an academic hospital in Colombia and to assess temporal trends in
waste generation.

Methods:

A retrospective observational study was conducted in a medium-to high-complexity academic hospital located in Tulua,
Colombia. Waste was segregated at the source into three categories (ordinary, recyclable, and hazardous), collected daily,
and weighed at the hospital's maintenance center. Data corresponding to the years 2022-2024 were obtained from
institutional records. The generation rate was expressed as kilograms per bed per day (kg/bed/day), calculated based on
annual production. Differences in annual averages were assessed using analysis of variance (ANOVA) with Bonferroni-
adjusted post hoc comparisons. Temporal trends were evaluated through a generalized linear model (GLM). Al statistical
tests were conducted at a significance level of a = 0.10.

Results:

All categories of healthcare waste demonstrated a statistically significant upward trend. The annual production of ordinary
waste increased from 4.92 tons to 7.91 in 2024, representing an overall increase of 60.8%. Recyclable waste increased
from 2.23 tons in 2022 to 4.46 in 2024, an overall increase of 100.0%. Hazardous waste rose from 9.82 tons in 2022 to
10.92 in 2024, an overall increase of 11.2%. The average generation rate across all categories was 0.27 kg/bed/day.

Conclusion:

The findings confirm an upward trend in healthcare waste generation at this Colombian academic hospital. Hospital
authorities should strengthen protocols for hazardous waste handling to safeguard both healthcare workers and patients.

Key words: healthcare waste production; waste segregation; waste trend; academic hospital; generalized linear model;
colombia.
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Introduction:

Healthcare facilities (HCFs) represent the principal contributors to healthcare waste (HCW) generation. This waste is broadly categorized as
hazardous or non-hazardous and further subdivided into infectious, non-infectious, or chemical components. Globally, approximately 85% of
healthcare waste is classified as non-hazardous, whereas the remaining 15% comprises hazardous fractions, including infectious, radioactive, and
toxic materials. In high-income countries, hazardous waste generation reaches up to 11 kg per hospital bed per day (kg/bed/day), while in low-
income countries the rate is approximately 6 kg/bed/day. Nonetheless, inadequate segregation practices in many low-income settings often result
in the commingling of hazardous and non-hazardous streams, thereby inflating the actual volume of hazardous waste reported [1-4].

Despite broad recognition of the risks associated with HCW, significant deficiencies in its management persist5,6. These challenges are
particularly pronounced in developing countries, where HCW is frequently stored, transported, and disposed of alongside general waste streams
[7]. According to the World Health Organization, approximately 10% to 25% of collected HCW is potentially hazardous to human health,
primarily due to its capacity to harbor pathogens capable of causing infections in healthcare workers and patients alike [8].

Healthcare waste is defined as any waste generated during the diagnosis, treatment, or immunization of humans and animals. Hospitals are
considered the primary sources of HCW, where inadequate management practices are frequently documented. Beyond its hazardous
characteristics, HCW presents substantial health and safety risks due to the complex and heterogeneous composition of biomedical waste streams.
This complexity has intensified public concern over the effectiveness of current strategies for its storage, treatment, transportation, and final
disposal [9].

Several studies have demonstrated that the volume of solid waste generated by healthcare facilities varies depending on the type and scope of
hospital services [10]. Solid waste management, and particularly the handling of medical solid waste, has emerged as a major global concern.
Evidence indicates that approximately 33% of healthcare facilities do not manage their solid waste safely, while nearly 30% lack adequate systems
for its segregation and proper disposal [11,12].

In Europe, the average rate of HCW generation is estimated at 2.61 kg per bed per day (kg/bed/day), ranging from 0.3 to 4.4 kg/bed/day. The
highest volumes are reported in the Americas, with an average of 3.82 kg/bed/day (0.4-8.4 kg/bed/day). On a global scale, HCW generation is
increasing at an estimated rate of 2-3% annually, with university hospitals identified as the primary contributors to hazardous waste [13].

In Latin America and the Caribbean, the management of bio-contaminated waste remains inadequate, thereby heightening the risk of disease
transmission among healthcare workers and the wider population4,15,16. Environmental pollution has become a critical concern worldwide due
to its adverse effects on human health, with hazardous healthcare waste representing approximately 47% of total waste generated in some
settings19,20. Continuous exposure of healthcare workers to biological, chemical, and physical waste significantly increases the risk of acquiring
infectious and occupationally related diseases [21,22].

Within this framework, the active participation of healthcare workers is essential for implementing an effective hospital solid waste management
system, thereby reducing potential risks to both human health and the environment.

Accordingly, the present study aimed to assess the production and trends of three categories of hospital waste, ordinary, recyclable, and hazardous,
generated at a medium- to high-complexity academic hospital in Colombia between 2022 and 2024. In Colombia, hospital waste classification
follows Resolution 1362 of 2020, which categorizes waste into hazardous healthcare waste, hazardous chemical/physical waste, and general
(ordinary) waste [23,24]. We hypothesized that all waste categories would demonstrate a statistically significant upward trend during the study
period.

Methodology:

Study Design and Setting. A retrospective observational study was conducted at the E.S.E. Hospital Departamental Tomas Uribe Uribe, a medium-
to high-complexity academic hospital with 208 beds, located in Tulua, Valle del Cauca, Colombia. The hospital provides a broad range of clinical
services, including emergency care, surgery, internal medicine, obstetrics and gynecology, pediatrics, and intensive care, and serves as a teaching
facility for medical and nursing students.

Waste Classification. Hospital waste is classified into three categories according to its characteristics: Group 1 comprises hazardous healthcare
waste (HHCW) generated during medical care, most of which is contaminated with microorganisms and poses a high risk to individuals who
encounter it. Group 2 also includes hazardous waste but refers to materials with physical or chemical properties that present potential dangers,
such as toxicity, explosiveness, corrosiveness, or flammability, to exposed individuals, and Group 3, referred to as general waste, encompasses
non-hazardous materials generated through administrative activities and the maintenance of hospital facilities [23,24].

According to institutional protocols, waste is segregated at the source, these materials are collected daily and transported to the maintenance
center, where they are weighed and prepared for final disposal. In cases of misclassification, maintenance personnel are responsible for correcting
the error. The analysis included data recorded monthly, yielding 36 complete monthly observations (January 2022—December 2024); no missing
data were identified.
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Calculation of Generation Rate. The generation rate of hospital waste, expressed as kilograms per installed bed per day (kg/installed bed/day),
was calculated as follows: each type of waste across the three study years was summed, and the total was divided by three to obtain the average,
expressed in tons, for the study period. This value was then converted into kilograms by multiplying by 1,000. The total kilograms were divided
by 365 to estimate the daily waste generation, and the result was subsequently divided by 208 (the total number of hospital beds) to obtain the
final kg/installed bed/day value. It is acknowledged that using installed beds rather than occupied bed-days may underestimate true waste
generation intensity; occupied bed-day data were unavailable retrospectively.

Statistical Analysis Plan. The variation in the annual averages of waste production for each residue type during the study period was estimated,
and to evaluate differences in mean annual waste generation across years and waste categories, an analysis of variance (Proc ANOVA) was
performed. Given the homogeneity of variances, the Bonferroni adjustment was applied to control for type | error in multiple comparisons25.

In addition, a generalized linear model (Proc GLM) was employed to assess potential trends in waste generation over time [26,27,28,29]. All
statistical tests were conducted at a significance level of o = 0.10 to increase the statistical power, considering the sample size limitations [29].
Analyses were performed using SAS® software.

Ethical Considerations. The study was reviewed and approved by the Human Research Ethics Committee (HREC) of the Departmental Hospital
Tomaés Uribe Uribe, State Social Enterprise, Tulua, as recorded in the minutes of meeting No. 2 of the Research Ethics Committee, dated [22
September 2025]. Given that the data were obtained from secondary sources, anonymized prior to analysis, and contained no personal identifiers,
informed consent was not required in accordance with national regulations.

Results:
. % Change Dai
C::;:’ry Year P";::::;"“ 95% CI (znzz_g Av::]ayge Kg/Bed/Day
2024) (kg)
2022 492 412-5.73 13.5 0.065
Ordinary 2023 §.99 7.47-10.51 60.8% 24.6 0.118
2024 7.91 7.74-8.09 217 0.104
2022 2.23 1.93-2.53 6.1 0.029
Recyclable 2023 271 2.53-2.89 100.0% 74 0.036
2024 446 4.01-4.92 122 0.059
2022 9.82 9.46-10.18 269 0.129
Hazardous 2023 10.41 10.03-10.79 11.2% 285 0.137
2024 10.92 10.54-11.30 299 0.144
2022 16.97 - 465 0224
Total 2023 2211 - 37.2% 60.6 0.291
2024 23.29 — 63.8 0.307

Source. Own estimation

Table 1: Annual healthcare waste production by category, 2022-2024.

The annual production of recyclable waste was 2.23 tons (95% CI: 1.93-2.53) in 2022, 2.71 tons (95% CI: 2.53-2.89) in 2023, and 4.46 tons
(95% CI: 4.01-4.92) in 2024, representing a 100.0% across the study period. (Table 1).

The ANOVA procedure demonstrated significant differences in the average collection of recyclable waste across years F = 33.1, df =2,35, p =
0.0001. Post hoc comparisons revealed statistically significant differences between 2024 and 2022 p < 0.0001, and between 2024 and 2023 p <
0.001. Both linear and quadratic trends were statistically significant; based on parsimony, the linear trend was selected F = 59.8, df = 1, p <
0.0001. (Figure 1)
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Figure 1: Average annual tons of recyclable sanitary waste collection, 2022-2024.

The annual production of ordinary waste was 4.92 tons (95% CI: 4.12-5.73) in 2022, 8.99 tons (95% CI: 7.47-10.51) in 2023, and 7.91 tons (95%
Cl: 7.74-8.09) in 2024. Overall, ordinary waste increased by 60.8% across the study period.

Analysis of variance (Snedecor’s F test) indicated significant differences in the average collection of ordinary waste among the three years F =
12.2, df = 2,35, p < 0.0001. Post hoc comparisons revealed statistically significant differences between 2022 and 2023, F = 22.7, df =1, p <
0.0001, and between 2024 and 2022 F = 12.2, df = 1, p < 0.001. Both linear and quadratic trends were statistically significant; however, based on

the principle of parsimony, the linear trend was selected, F = 12.8, df = 1, p < 0.01. (Figure 2)
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Figure 2: Average annual tons of ordinary sanitary waste collection, 2022-2024.

The annual production of hazardous waste was 9.82 tons (95% CI: 9.46-10.18) in 2022, 10.41 tons (95% CI: 10.03-10.79) in 2023, and 10.92
tons (95% CI: 10.54-11.30) in 2024 (Table 1). This represents an overall increase of 11.2% in hazardous waste generation.

The ANOVA procedure demonstrated statistically significant differences in mean hazardous waste levels among years F = 5.85, df = 2,35, p =
0.007. Post hoc comparisons revealed a significant borderline increase between 2023 and 2022 F = 3.39, df = 1, p = 0.07, and a significant increase
between 2022 and 2024 F = 11.68, df = 1, p < 0.001. Trend analysis indicated that only the linear component reached statistical significance F =

11.68, df = 1, p < 0.001, suggesting a steady upward trajectory in hazardous waste production. (Figure 3)
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The average combined generation rate across all three categories was 0.27 kg/bed/day (range: 0.224-0.307 kg/installed bed/day across years).
Hazardous waste constituted 47.8% of total production on average, followed by ordinary waste 34.5% and recyclable waste 17.7%.

Distribution of Hazardous
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Figure 3: Average annual tons of hazardous sanitary waste collection, 2022-2024.

Discussion:

For ordinary waste, the annual amounts produced were 4.92 tons (4.12-5.73) in 2022, 8.99 tons (7.47-10.51) in 2023, and 7.91 tons (7.74-8.09)
in 2024. The Analysis of variance procedure indicated significant differences in average production across the study period F = 12.2, df = 2,35,
p < 0.0001. Post hoc comparisons showed that 2024 differed significantly from both 2022 and 2023. Trend analysis revealed a statistically
significant linear component F = 12.8, df = 1, p < 0.01, suggesting a sustained upward trajectory in the generation and disposal of ordinary waste.
Notably, ordinary waste exhibited the largest overall increase among the waste categories, rising by 60.8% over the study period. (Figure 2.)

Regarding recyclable waste, 2.23 (1.93-2.53), 2.71 (2.53-2.89), and 4.46 (4.01-4.92) tons were produced annually during each year of the study
period. The ANOVA procedure result was F = 33.1, df = 2.35, p < 0.0001, indicating that there are differences related to the year’s average
collection of recyclable waste, a difference was found between the years 2023 and 2024 compared to the year 2022. The linear trend was
statistically significant, F = 59.8, df = 1, p < 0.0001, indicating a continued increase in the collection and final disposal of this type of waste.
Recyclable waste showed an increase of 100.0%. (Figure 1).

In relation to hazardous waste, the annual production was 9.82 tons (9.46-10.18) in 2022, 10.41 tons (10.03-10.79) in 2023, and 10.92 tons
(10.54-11.30) in 2024. The Analysis of variance procedure revealed significant differences in mean production across the study period F = 5.85,
df = 2,35, p = 0.007. Post hoc comparisons indicated that both 2023 and 2024 differed from 2022. Trend analysis confirmed a significant linear
component F=11.68, df =1, p = 0.001, demonstrating a consistent increase in the generation and disposal of hazardous waste. Overall, hazardous
waste rose by 11.2% over the study period. (Figure 3.)

The observed increases across all waste categories may reflect multiple concurrent factors, including expanding clinical and academic activities,
increased use of single-use medical devices, post-pandemic recovery in elective services, and potentially improved segregation practices.
However, the retrospective design precludes definitive attribution of the observed trends to specific causal mechanisms. The 100% increase in
recyclable waste suggests enhanced environmental awareness, though concurrent increases in absolute material consumption cannot be excluded.
The steady rise in hazardous waste, while consistent with global trends in academic hospitals, warrants monitoring of treatment capacity to ensure
safe disposal.

A study conducted in a hospital in Ghana reported daily waste generation of 5.1 kg of sharps, 24.46 kg of infectious waste, and 59.45 kg of general
waste. In the present study, daily production averaged 9.45 kg of recyclable waste, 22.9 kg of ordinary waste, and 29.8 kg of hazardous waste.
When combining sharps and infectious waste in the Ghanaian study, the total was 29.56 kg/day—comparable to the hazardous waste levels
observed here. Conversely, when ordinary and recyclable waste from this study is considered together, the total of 32.5 kg/day was slightly lower
than the general waste reported in Ghana30.

In Iran, a six-month intervention aimed at reducing general and contaminated waste successfully decreased general waste from 95.5 to 73.1 kg/day
and contaminated waste from 57.5 to 39 kg/day, figures considerably higher than those observed in this study31.
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In Qatar, hazardous waste production in hospitals ranged between 2.6 and 3.1 kg per bed per day and demonstrated a continuous upward trend32.
In comparison, the average in the present study was 0.27 kg per hospital bed per day, which falls within the World Health Organization’s global
estimate of 0.2-0.5 kg per hospital bed per day32. This lower rate may partly reflect the use of installed beds rather than occupied bed-days as
the denominator; cross-institutional comparisons should consider denominator differences.

The proportion of hospital hazardous clinical waste (HHCW) identified in this study averaged 47.8%. This figure closely aligns with findings
from a study conducted in Hungary, which reported 46.42%33. However, it markedly exceeds the World Health Organization’s global estimate
of 10-25%. A plausible explanation for this discrepancy is the additional volume of hazardous waste generated through academic and research
activities commonly undertaken in university hospital settings.

In contrast, a study conducted in a referral hospital in Uganda revealed that general waste accounted for 72% of total waste, while clinical waste
represented 28%. The average solid waste generation rate was 111.4 kg per day, with hospital wards being the primary contributors34. These
values are considerably higher than those observed in the present study.

Similarly, research conducted in the department of Norte de Santander, Colombia, reported that 53.92% of waste was classified as non-hazardous,
whereas 46.08% corresponded to hazardous waste35. This distribution is consistent with the proportions documented in our findings, reinforcing
the observation that hazardous waste in certain hospital contexts can reach levels significantly above global estimates.

The present study documented a statistically significant upward trend in the generation of all three categories of healthcare waste—ordinary,
recyclable, and hazardous-at a medium- to high-complexity academic hospital in Colombia over a three-year period. These findings are consistent
with global reports indicating that healthcare waste generation is increasing at an estimated rate of 2—3% annually, and that university hospitals
are among the primary contributors to hazardous waste [36].

These findings underscore the institutional commitment to mitigating potential health risks by ensuring the systematic removal of residues,
particularly those classified as hazardous, from the hospital environment. While improved segregation practices may contribute to the observed
increases in separately collected waste categories, other factors such as expanding clinical activity and increased use of disposable materials
cannot be excluded. Additionally, the sustained increase in recyclable waste collection suggests not only improved environmental practices but
also the potential for generating supplementary economic benefits through recycling initiatives [37].

Study Design Limitations:

This study has several limitations that should be acknowledged. First, the single-center design limits the generalizability of the findings to other
healthcare institutions with different characteristics, sizes, or service portfolios. Second, the analysis did not incorporate hospital occupancy rates,
patient-days, or procedure volumes as denominators, which would have enabled a more nuanced understanding of waste generation relative to
clinical activity. Third, the retrospective design precluded the collection of detailed information on potential confounding factors, such as changes
in clinical practices or infection occurrences. Fourth, the classification of waste relied on institutional protocols and the judgment of maintenance
personnel, which may have introduced some degree of misclassification bias.

Future Research Directions:

Future studies should adopt a multi-center design to compare waste generation patterns across hospitals with varying levels of complexity and
geographic locations. The inclusion of activity-based denominators (e.g., occupied bed-days, admissions, surgical procedures) would enhance the
comparability of waste generation rates. Additionally, prospective designs incorporating waste audits at the ward or departmental level would
provide actionable insights for targeted interventions. The environmental and economic impacts of recycling programs and waste minimization
strategies also warrant further investigation.

Data Availability:

The data that supports the findings of this study are available from the GECOI office upon reasonable request. Due to institutional policies, the
raw monthly waste generation data cannot be publicly deposited; however, de-identified summary statistics and supplementary methodological
details are available upon request.
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