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Abstract


Hazardous medical waste (HMW) presents significant environmental and public health challenges, particularly in the context of rising healthcare demands and the global push for sustainable resource management. This study investigates the evolution of HMW management through a bibliometric and thematic analysis of 1703 articles published between 2020 and 2025, retrieved from the Web of Science database. Using VOSviewer, co-occurrence mapping and term clustering reveal six major conceptual domains, including thermal treatment technologies, operational optimization, environmental indicators, and behavioral dimensions. This study adds value by applying a dual bibliometric–thematic lens to provide new insights into the operational, technological, and sustainability dimensions of HMW. The analysis identifies a gradual shift from traditional disposal methods to circular models focused on resource valorization through pyrolysis, gasification, and sterilization. Lean management principles—such as process efficiency, waste minimization, and the promotion of recovery and reuse—emerge as complementary to circular economy goals. Additional visualizations outline international collaboration trends, highlighting established research hubs and emerging contributors. The findings emphasize the role of data-driven decision tools, sustainability assessment methods, and cross-sectoral integration in enhancing medical waste systems.
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1. Introduction


Environmental protection and public health have become increasingly pressing global priorities, particularly considering the growing volumes of HMW and the consequences of its inadequate management, which present significant threats to both ecosystems and human health [1,2].



According to World Health Organization (WHO), around 85% of the waste produced by healthcare activities is non-hazardous and comparable to domestic household waste. The remaining 15%, however, falls into the hazardous category, potentially infectious, chemical, or even radioactive, requiring special attention and careful management [1]. On this matter, the United Nations Environment Programme (UNEP), in its ”Global Waste Management Outlook 2024” [2], highlights a pressing concern, emphasizing that HMW is becoming an increasingly prominent component of the global waste challenge—one that demands urgent and sustained attention.



In response, the circular economy (CE) has emerged as a guiding framework for integrated resource and waste management, including HMW, aiming to reduce pollution and foster sustainability through systemic transformation. This transition requires rethinking supply chains, redesigning products, and implementing circular economy strategies to reduce critical raw material dependence and enhance sustainability [3]. Within this framework, the proper management of medical waste emerges as a crucial pillar of both environmental protection and resource efficiency [4].



HMW is considered the second most hazardous type of waste globally, following radioactive waste, due to its harmful composition and potential impacts on human well-being and the environment [5]. The treatment of such waste necessitates the use of advanced technologies capable of transforming it into valuable outputs such as biogas (methane and CO2) [6], syngas (H2 and CO), liquid biofuels, or even pure hydrogen. Among the advanced technologies available, plasma gasification stands out for its ability to convert HMW into syngas—a mixture primarily of hydrogen and carbon monoxide—while significantly minimizing toxic emissions and landfill dependency [7].



Implementing an effective HMW management system requires strict adherence to the waste hierarchy, prioritizing prevention, reuse, recycling, and recovery before final disposal, in line with recent EU policy developments [8]. According to the EU framework on Best Available Techniques, economic operators are mandated to minimize environmental impacts and improve industrial efficiency [9]. These techniques provide guidelines for reducing emissions and enhancing resource-use efficiency in various industrial sectors. Furthermore, the revised Industrial Emissions Directive, adopted in 2024 [10], strengthens the mandate for economic operators to implement Best Available Techniques across various sectors, including waste management, to minimize environmental impacts and enhance resource efficiency.



This study examines the technological advancements developed between 2020 and 2025 in the field of HMW treatment, assessing their environmental performance and alignment with CE principles. The analysis considers waste typologies—those requiring incineration versus those eligible for recycling—based on their composition and hazard level. Special attention is given to green technologies that enable waste valorization, highlighting their potential to reduce the volume and risk profile of hazardous materials and contribute to European sustainability targets.



In parallel with these developments, lean management has gained increasing attention as a complementary framework for improving the efficiency of healthcare and waste systems. Lean is fundamentally grounded in the principle of waste reduction, targeting all forms of inefficiency, whether material, energetic, temporal, or informational. Core lean principles—such as process flow improvement, value stream enhancement, and the continuous pursuit of value creation—are now being adapted to medical waste contexts, where operational gaps frequently translate into both environmental and safety risks. The convergence between lean thinking and CE objectives opens up new pathways for systemic innovation in hazardous waste management.



Building on this convergence, the present study combines bibliometric and thematic analyses to explore how recent scientific research addresses HMW through the lenses of circularity, technological innovation, and operational optimization. Through this research, we aim to provide an integrated picture of the evolution of scientific research on HMW, bringing to the forefront the synergy between technological innovation and operational sustainability paradigms.



Despite the growing body of literature on HMW, most existing reviews either focus narrowly on single technologies or lack integrative approaches combining environmental and operational perspectives. Few studies have examined the convergence of lean management and the circular economy in this context, especially through data-driven bibliometric methods. This study fills that gap by identifying thematic clusters—such as thermal valorization via pyrolysis and gasification—and analyzing how these contribute to both resource recovery and lean workflows by reducing process inefficiencies, treatment time, and waste volume.




2. Literature Review on HMW Management


2.1. Technological Advances in HMW Treatment


The management of HMW continues to present significant environmental and public health challenges, prompting a sustained research effort to develop advanced technologies and policy frameworks that align with CE principles. As global healthcare systems generate increasing quantities of medical waste [11,12], especially in the aftermath of global health crises, the pressure to transition from linear disposal models to more sustainable and integrated systems has intensified. Within this context, the recent literature has increasingly focused on how innovation in treatment technologies, regulatory compliance, environmental assessment, and resource valorization can be harmonized under the CE paradigm.



The incorporation of sustainability assessments such as life cycle assessment (LCA) has further strengthened the scientific basis for selecting and validating treatment technologies. As a decision-making tool, LCA facilitates the comparison of environmental burdens across the entire life cycle of disposal options—from collection to treatment and final disposal—helping identify the most efficient and least harmful alternatives [13].



Concrete examples from Romania illustrate the practical application of these principles. For instance, Stericycle Romania has implemented high-temperature sterilization units that utilize hot air to disinfect medical waste while simultaneously reducing its volume [14]. These installations demonstrate the feasibility of minimizing water and energy use through internal heat recirculation mechanisms. Similarly, the Oradea sterilization station uses pressurized steam to decontaminate various medical waste categories while optimizing resource efficiency [15]. These cases underscore the potential of combining technological innovation with operational best practices to achieve CE goals at the local level.



In response to these policy shifts, significant progress has been made in the development and application of treatment technologies capable of aligning with CE objectives. Among these, high-temperature processes such as pyrolysis and gasification have received particular attention for their dual capacity to neutralize hazardous components and generate energy or valuable secondary products. Pyrolysis, for example, has been demonstrated to break down medical plastics and organic matter into useful by-products such as syngas, pyrolytic oil, and char, which may be repurposed as fuels or additives [16]. Similarly, gasification enables the conversion of carbon-rich medical waste into a combustible gas mixture, offering a cleaner energy pathway with lower emissions compared to conventional incineration.



Alongside these thermal methods, anaerobic digestion has emerged as a biological alternative. The integration of anaerobic digestion with thermal or sterilization methods can provide a complementary route to manage complex waste streams, further enhancing system resilience [17].




2.2. Operational Optimization and Lean Principles


Although lean management was originally developed for industrial optimization, its core tenet—the reduction in all non-value-adding activities—has proven highly relevant for HMW systems. In this context, waste reduction is not only a sustainability target but also a performance strategy, enabling healthcare organizations to eliminate inefficiencies in logistics, storage, treatment, and resource use. This principle functions as a conceptual connector between environmental responsibility and operational discipline, allowing lean tools to be reframed as instruments for circularity and waste valorization. Building on this perspective, the following literature review examines how recent research has addressed HMW through the combined lenses of environmental impact, technological advancement, and systemic optimization.



A common thread across recent contributions is the increasing interest in valorization strategies that enable recovered materials or energy to be reintegrated into production cycles. Such approaches aim not only to minimize waste output but also to reclassify medical waste as a resource stream, thereby advancing the circular transition in the healthcare sector.



Moreover, environmental auditing and comparative evaluations of existing treatment methods have become critical tools in the identification of improvement opportunities. Such evaluations enable institutions to identify inefficiencies at each treatment stage and adopt greener alternatives with lower ecological and financial costs. These audits also provide the empirical basis for life cycle-based policy recommendations and guide the adoption of flexible, context-appropriate technologies, especially in countries or regions with limited treatment infrastructure.




2.3. Behavioral Dimensions and Staff Engagement


The literature increasingly acknowledges that no single technology can address the multifaceted nature of HMW. Instead, hybrid treatment architectures that combine high-temperature, low-temperature, chemical, biological, and digital solutions are necessary to ensure a comprehensive coverage of diverse waste categories. Studies emphasize the importance of modularity, adaptability, and environmental compliance as design principles for future waste management systems [18].



A growing body of research also focuses on the behavioral and organizational aspects of waste management. Effective HMW systems rely not only on technology and policy but also on the awareness, training, and engagement of healthcare staff. Staff perception, compliance with guidelines, and intervention-based training programs play a significant role in the correct segregation, handling, and treatment of hazardous waste.




2.4. Policy, Regulation, and Sustainability Frameworks


One of the key directions in contemporary research is the reevaluation of the indicators used to assess the sustainability of hazardous waste treatment methods. As highlighted by Kumar et al. (2023) [18], aligning these methods with CE principles requires a shift toward strategies that emphasize environmental protection, waste prevention, and resource efficiency. In this context, sustainability assessments must capture not only the operational safety and efficiency of technologies but also their capacity to support reduction, reuse, and recycling.



Table 1 offers a comprehensive overview of recent contributions (2020–2025) addressing HMW management, reflecting the thematic richness and methodological diversity of the field. It synthesizes key innovations across a wide spectrum—from thermochemical processes such as pyrolysis, gasification, and sterilization to advanced modeling techniques, sustainability assessments, and digital integration. The studies illustrate a pronounced shift toward CE frameworks, with the emphasis on energy recovery, resource valorization, and eco-design principles. The inclusion of decision-support methods, artificial intelligence applications, and blockchain technology further underscores the field’s growing alignment with data-driven and systems-based approaches. By mapping these contributions, the table anchors the bibliometric results in concrete research outputs, thereby bridging quantitative trends with qualitative insights.



Table 1 provides a structured synthesis of the most relevant contributions between 2020 and 2025 regarding HMW management under the CE paradigm. The entries in the table reveal five dominant thematic directions that reflect the evolution of the field across technological, environmental, operational, and systemic dimensions.



First, a significant body of studies focus on thermal valorization methods—notably pyrolysis and gasification—as core strategies for reducing the volume and hazardousness of medical waste while recovering energy or secondary products. Research by Abedeen et al. (2025) [19], Hu et al. (2024) [31], and Tan et al. (2023) [63] exemplifies laboratory and pilot-scale assessments of pyrolytic oil properties, calorific efficiency, and gas composition, supporting the potential of waste-to-fuel pathways. Similarly, Zhou et al. (2024) [27] and Li et al. (2023) [41] explore co-valorization and plasma gasification, often coupled with hydrogen production or Fischer–Tropsch synthesis, as part of decarbonization efforts.



Second, a growing cluster of contributions addresses resource recovery and material reuse, especially the transformation of medical plastic waste and ash into value-added products. For example, Kumari et al. (2024) [30] propose the creation of carbon dots from recycled plastics, while Matalkah et al. (2023) [40] and Kaur et al. (2023) [52] investigate the incorporation of incinerated ash into concrete mixtures, enhancing material circularity and reducing environmental impact.



A third set of studies investigate non-thermal and hybrid treatment technologies, such as advanced sterilization (e.g., gamma irradiation, pressurized steam), composting, anaerobic digestion, and biological methods including bioremediation. Dsouza et al. (2025) [22] present these techniques as alternatives or complements to incineration, especially for infectious and biodegradable waste, while Chandra et al. (2023) [39] and Mehmood et al. (2023) [36] highlight the role of microorganisms in treating pharmaceutical residues.



Fourth, the literature includes contributions focused on system design, logistics, and digital integration. Shen et al. (2024) [28] and Suthagar et al. (2024) [29] develop models for optimizing waste transport and routing using heuristic algorithms and AI (artificial intelligence), while Baralla et al. (2023) [38] and Wawale et al. (2022) [72] explore the application of blockchain and IoT technologies for real-time tracking, traceability, and transparency in waste management chains. These works suggest a strong movement toward smart, data-driven systems.



Fifth, several authors emphasize policy frameworks, stakeholder behavior, and sustainability evaluation, particularly in low- and middle-income countries. Studies such as Krishna et al. (2023) [53] and Lemma et al. (2022) [73] highlight infrastructural and educational gaps.



Collectively, these contributions indicate a shift from mono-technology disposal toward integrated waste management architectures that combine valorization, monitoring, and sustainability assessment. While high-income countries lead in technology-intensive solutions, many studies call for adaptable frameworks suitable for diverse regional contexts. This multi-dimensional evidence base sets the stage for the bibliometric mapping in the next section, which visualizes how these themes coalesce in academic discourse.



Building on the insights synthesized in Table 1, the following section presents a complementary data-driven investigation of the field. A bibliometric and thematic analysis was conducted using VOSviewer version 1.6.20, focusing on 1703 records retrieved from the Web of Science database. Through co-occurrence maps, temporal overlays, and keyword clustering, the analysis reveals the structural and conceptual dynamics of the literature, identifies major research themes, and highlights emerging directions within HMW research.



The following section outlines the methodological framework used to systematically map and analyze research trends in HMW, combining bibliometric and thematic approaches.





3. Materials and Methods


This study employed a systematic review methodology to identify, screen, and analyze the recent scientific literature focused on medical and healthcare waste management. The search was conducted using the Web of Science Core Collection database.



The search strategy was conducted using the following Boolean query terms: “medical waste” OR “healthcare waste”. The full selection process is detailed in the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram (Figure 1).



Search filters were applied to include only articles and reviews published in English between 1 January 2020 and 5 April 2025. The full search was performed on 5 April 2025. Inclusion criteria consisted of publications focusing on waste in healthcare systems, while exclusion criteria eliminated articles unrelated to healthcare waste (e.g., electronic, industrial, or animal waste) and non-English texts.



Bibliometric visualizations were conducted in VOSviewer version 1.6.20. For keyword co-occurrence analysis, a minimum node occurrence threshold of 10 was set. The clustering algorithm used was the linear-logarithmic modularity optimization, with the normalization method set to association strength. Fractional counting was applied for all co-authorship and keyword network analyses to ensure a proportional representation of multilateral collaborations and term prominence. Co-authorship maps used a minimum of 5 publications per country. Overlay and density visualizations were generated using default color scaling adjusted for interpretability in the 2021–2024 window.



These settings ensured structural clarity, reproducibility, and thematic robustness across all bibliometric maps presented in Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6.



A total of 29,327 records were initially identified through the database search. No additional records were retrieved from registers, and no duplicates were detected. After an initial screening based on titles and abstracts, 1345 records were excluded due to being assigned to unrelated categories (e.g., Zoology, Philosophy, Astronomy, Archaeology, International Relations, Food Science, Linguistics, and Mathematical Physics).



This left 27,982 articles for further eligibility assessment.



In the final stage of the screening process, each of the remaining 27,982 article titles was examined individually to assess its relevance. A total of 26,279 records were excluded based on three key criteria. First, most articles (n = 26,006) were unrelated to the healthcare or medical waste context, instead referring to agricultural, food, industrial, animal, or electronic waste. Second, a subset of 59 articles used the word “waste” in unrelated medical contexts (e.g., wasting disease, muscle wasting), thus falling outside the scope of this analysis. Third, 214 articles were published in languages other than English and were excluded to maintain linguistic consistency within the bibliometric review. As a result, a total of 1703 studies met the inclusion criteria and were retained for the final analysis.



The bibliometric analysis was carried out using VOSviewer, a widely used tool for the visual representation of bibliographic data. This software facilitated the development of co-occurrence maps, bibliographic coupling diagrams, and keyword co-network visualizations, allowing for the identification of dominant research themes, high-impact publications, and patterns of scholarly collaboration. Complementing this, a thematic analysis was applied to investigate recurring subjects, emerging directions, and gaps within the existing body of literature.



The resulting visualizations offer valuable insights into the structural and temporal dynamics of the research landscape. Specifically, the bibliometric maps expose clusters of thematically connected studies, while temporal overlays trace the evolution of research foci from foundational concepts to current areas of exploration.



By integrating quantitative precision with qualitative depth, this mixed-methods approach provides a comprehensive understanding of the academic discourse surrounding sustainable universities, delivering insights that are both analytically rigorous and practically relevant.




4. Results


The set of 1703 scientific records retrieved from the Web of Science database was used to create a co-occurrence map of keywords in the medical waste literature. The first analysis was performed to identify the primary conceptual clusters within the field of medical waste management (Figure 2). A total of 180 keywords met the occurrence threshold of 10 (meaning that the keywords that occurred a minimum 10 times were considered), forming a dense network of 4441 links and a total link strength of 10,317, suggesting a well-structured and highly interconnected research landscape.



The visualization revealed six major thematic clusters. The red cluster centered around medical waste, hospitals, healthcare waste, and disposal reflects the clinical and public health dimension of the topic. Closely associated terms such as COVID-19, challenges, and pandemic suggest an intensified research focus during the pandemic years, integrating issues of waste generation and infectious disease control.



The green cluster reflects the use of systems modeling and decision-making tools, with high-frequency keywords such as optimization, supply chain, technology, and methodology, underscoring the role of lean management in waste management solutions. This conceptual linkage suggests a growing emphasis on process efficiency, waste minimization, and performance measurement in medical waste operations—core aspects of lean thinking adapted to healthcare and environmental contexts.



The yellow cluster emphasizes themes like sustainability, recycling, climate change, and environment, indicating a growing body of literature addressing the ecological implications and long-term impacts of healthcare waste. The presence of terms like carbon footprint and greenhouse gas emissions at the periphery of this cluster suggests the emergence of cross-cutting environmental evaluations in recent publications.



From a technological and operational standpoint, the blue cluster includes specialized terms such as pyrolysis, gasification, biomass, and incineration, indicating a sustained focus on thermal and chemical treatment technologies.



The map also captures an overlay between red and yellow clusters, where terms like knowledge, attitude, practice, and awareness form a socio-behavioral sub-theme. These indicate a subset of research focusing on the human dimension of waste management, highlighting the importance of education, perception, and training, especially in healthcare settings.



Collectively, this mapping exercise provides a comprehensive overview of the knowledge structure in the domain, revealing both consolidated research areas and emerging directions. It also underscores the interdisciplinary nature of the topic, spanning environmental science, public health, engineering, and behavioral studies.



The overlay visualization (Figure 3) offers a temporal perspective on the development of research topics in the field of medical waste management between 2020 and 2025. The color gradient, ranging from blue (older topics) to yellow (more recent), highlights the dynamic evolution of conceptual emphases within the field.



Core terms such as medical waste, management, waste management, and sustainability appear in green–blue hues, indicating their consistent and foundational role throughout the analyzed period. Keywords associated with health system performance—such as hospitals, infection, awareness, and disposal—cluster around earlier years, reflecting the pandemic-induced intensification of research during 2020–2021.



In contrast, recent keywords—displayed in light green and yellow—include optimization, gasification, and carbon footprint, pointing to the emergence of efficiency-focused approaches and resource valorization models. The increased prominence of pyrolysis, biomass, and plastic waste suggests a growing interest in integrating thermochemical technologies and sustainability metrics into medical waste management.



Notably, terms such as lean healthcare, quality improvement, and efficiency, though still peripheral, indicate the beginning of a thematic convergence between waste treatment and lean management principles. This evolution implies a conceptual shift from static waste disposal models toward adaptive, resource-efficient, and systemic management frameworks.



Figure 4 presents the density visualization of keyword co-occurrence, offering a spatial representation of thematic intensity across the research landscape. High-density areas, shown in bright yellow, indicate core topics with frequent and highly connected appearances.



Medical waste, management, waste management, circular economy, and COVID-19 form the central nucleus of the map, reflecting the most widely studied and structurally integrated themes in the last 5 years.



Closely surrounding the core zone, concepts like sustainability, hospitals, health, and biomedical waste form secondary clusters with strong associative ties, underlining the public health dimension and the operational realities of medical institutions. These themes are essential pillars in the literature and form the interface between healthcare service delivery and environmental performance.



In contrast, the outer areas—shaded in green and blue—contain emerging or specialized topics such as pyrolysis, gasification, plastic waste, optimization, and life cycle assessment. Although less dense, these concepts are increasingly present in recent publications, as can be seen in the overlay visualization (Figure 3), and signal a gradual expansion of the research domain toward advanced technological solutions and performance evaluation frameworks.



Figure 5 displays the international co-authorship network for publications on medical waste in the last 5 years. A total of 71 countries met the minimum publication threshold (five documents per country), resulting in a network with 745 collaboration links and a total link strength of 1658. Countries are represented as nodes, whose size corresponds to the number of documents authored, while the link thickness indicates the frequency and strength of bilateral collaboration.



The most central and prolific contributors are China, India, and the USA, which also act as major hubs of international collaboration. Their strategic positioning and dense interconnections suggest a high research capacity and extensive involvement in multinational projects. These countries are often linked to others with developing or transitional healthcare systems, including Bangladesh, Pakistan, Indonesia, and Nigeria, highlighting the global dimension of medical waste issues and the need for knowledge transfer across regions.



European countries such as England, Germany, France, Romania, and the Netherlands form a moderately interconnected cluster, often acting as regional collaborators. Meanwhile, countries like South Korea, Iran, Saudi Arabia, and Australia exhibit strong ties across multiple continents, indicating their active participation in global research networks.



Several countries (Singapore, Czech Republic, Ethiopia, Ghana) appear at the periphery of the network, with fewer but potentially emerging contributions. Their presence suggests opportunities for increased integration into established research clusters, particularly in the context of global public health and sustainable development initiatives.



The average publication year overlay indicates that recent contributions (yellow) are increasingly coming from countries such as Thailand, Vietnam, Mexico, and Qatar, suggesting a diversification of interest and capacity in waste research beyond the traditional core of highly industrialized nations.



To further explore the conceptual underpinnings of medical waste research, a co-occurrence analysis of terms extracted from article titles and abstracts was conducted (Figure 6). This method allowed for the identification of recurrent expressions and their co-association patterns, resulting in a visually structured map comprising four major thematic clusters.



The green cluster highlights the technical and performance-oriented dimension of the field, with central terms including process, value, process, and technology. This cluster reflects a clear operational focus, where engineering and systems thinking intersect with resource management. The presence of terms such as value, application, and performance suggests an emerging lean-inspired vocabulary aimed at improving workflows and minimizing inefficiencies in waste treatment systems.



The red cluster captures the socio-educational and behavioral perspective, represented by terms such as practice, knowledge, participant, training, and intervention. These keywords reflect empirical and often survey-based approaches that investigate awareness, compliance, and staff engagement in waste handling, especially within clinical and community contexts. This theme is particularly significant for integrating human factors into sustainable waste strategies.



The blue cluster encompasses broader systemic and policy-driven aspects, with a focus on sustainability, climate change, carbon footprint, and the healthcare system. This group reflects growing attention to environmental impacts and the alignment of medical waste practices with CE principles and global sustainability agendas.



A fourth, yellow cluster, smaller in scale but methodologically dense, consists of terms such as algorithm, network, sensitivity analysis, and framework. This group signifies a shift toward computational modeling, data analysis, and decision-support tools, pointing to future directions in smart waste system design.



Together, these clusters offer a multi-layered view of the research landscape, where the convergence of technological, behavioral, and environmental themes suggests a fertile ground for the integration of lean management philosophies. By connecting process efficiency, system modeling, and sustainability, the literature increasingly supports a transition from reactive waste handling toward proactive, streamlined, and data-informed waste management systems.



To further explore the temporal dynamics of research themes in the medical waste literature, an overlay visualization was generated based on the co-occurrence of terms from titles and abstracts (Figure 7). This analysis provides insight into the chronological development of conceptual clusters and the emergence of new thematic directions.



Central and frequently occurring terms such as medical waste, process, technology, practice, and efficiency appear in green tones, suggesting they have been persistently discussed across the period analyzed. These form the backbone of the field, integrating technical, empirical, and management perspectives.



The yellow-highlighted terms (e.g., carbon footprint, syngas, and plasma gasification) mark the most recent research interests. Their peripheral position on the map reflects their status as emerging directions rather than established core concepts. These terms indicate a growing integration of sustainability assessment frameworks, environmental indicators, and decarbonization strategies into waste management discourse.



Additionally, the presence of relatively new terms such as algorithm, network, sensitivity analysis, and parameter in the lower-left quadrant highlights a shift toward more analytical and systems-based methodologies, potentially enhancing decision-making and performance evaluation in medical waste management.



The temporal layering reinforces the thematic convergence observed in previous maps: from static disposal methods toward systemic, computational, and sustainability-aware approaches. This shift aligns with the growing interest in performance optimization, value creation, and risk minimization—hallmarks of lean thinking in complex operational environments.




5. Discussions


HMW includes materials that pose substantial risks to health and the environment.



Medical waste management typically involves a standardized sequence of steps: segregation at the point of generation, collection and interim storage, transportation, appropriate treatment, and final disposal [84].



Each stage requires strict adherence to protocols and regulatory compliance to ensure the minimization of health and environmental risks. Common challenges across these stages include inadequate training of personnel, insufficient infrastructure, lack of real-time monitoring, improper segregation of hazardous and non-hazardous waste, and weak enforcement of regulations.



Recommendations widely emphasized in the literature include the need for the following:




	
Strengthening segregation practices using color-coded systems [5];



	
Capacity-building and ongoing training for healthcare staff [73];



	
Investing in decentralized and modular treatment technologies [19,27];



	
Enhancing digital traceability and compliance monitoring tools (e.g., IoT, blockchain) [22,38,80];



	
Establishing robust policy frameworks and funding mechanisms to ensure long-term sustainability [21].








The COVID-19 pandemic has significantly increased the volume of hazardous waste, particularly from single-use personal protective equipment (PPE), which poses long-term environmental risks due to the release of microplastics and microfibers into ecosystems [85]. Addressing this emergent waste stream requires integrated strategies that combine material innovation (e.g., biodegradable PPE) with efficient segregation and disposal systems.



This general framework underscores the need to integrate both foundational practices and advanced innovations, ensuring that basic waste-handling protocols are not overlooked in the pursuit of high-tech solutions.



This study reveals the multi-dimensional nature of medical waste research, reflecting a convergence of technological, environmental, and operational themes. Through integrative bibliometric and thematic analysis, we mapped the conceptual structure and emerging trends of the field, highlighting the increasing alignment with sustainability goals and process optimization logics.



The results show that research on medical waste has gradually evolved beyond its traditional biomedical and regulatory focus. New directions emphasize technological innovation (e.g., pyrolysis, gasification, plasma treatment), environmental performance (carbon footprint, emissions, circular economy), and systems-level efficiency, which is particularly evident in terms like optimization, value, and process. These trends suggest a shift toward frameworks that mirror principles of lean management, such as waste minimization, workflow improvement, and value creation.



Consistent with the recent literature on sustainable operations, our analysis identifies four dominant thematic clusters—technical systems, behavioral change, environmental metrics, and computational modeling—each contributing to a broader understanding of how medical waste can be managed more efficiently and ethically. The overlay and density visualizations further reinforce this conceptual layering, revealing that recent publications increasingly focus on data-driven methods, life cycle-based assessments, and integrated decision-making tools.



At a global scale, the co-authorship network analysis indicates that medical waste is a topic of shared international concern, with major contributions from China, India, and the USA, but also growing visibility of emerging economies. This highlights the need for knowledge-sharing platforms and international collaborations, particularly to support low-resource settings.




6. Conclusions


Following the thematic analysis, Table 2 presents a synthesis of the main implications derived from the findings, structured across the most relevant dimensions observed in the literature.



The implications summarized in Table 2 reflect a clear transition in medical waste management research—from fragmented, reactive strategies toward integrated, systems-oriented frameworks. The identification of lean-aligned vocabulary, data-driven modeling, and sustainability assessment tools signals the potential for transdisciplinary innovation. In practice, this calls for not only technical advancement but also policy alignment, staff training, and collaborative governance models that support resource-efficient and socially responsive waste systems. Selective collection by medical waste categories, continuous investment in existing technologies, involvement of authorities in their authorization, and state support through funding policies in this sector are key success factors in the processes of recovery and reuse of HMW. Compliance with the proximity principle—ensuring final disposal of medical waste as close as possible to the place of generation—is directly proportional to the allocation of transport logistics and human resources involved in the proper management chain of HMW.



While Table 1 highlights individual innovations, methods, and case studies from the literature—ranging from pyrolysis and gasification to blockchain-based traceability and AI-driven optimization—Table 2 extrapolates and distills these findings into six cross-cutting thematic dimensions. These dimensions reflect broader structural trends and conceptual orientations within the field, including technological systems, environmental metrics, operational efficiency, computational modeling, behavioral dynamics, and global collaboration. Together, the two tables operate in tandem: one capturing the empirical richness of current research, and the other mapping its systemic implications for both academic inquiry and practical implementation. This dual-layered approach enables a transition from case-level understanding to strategic-level synthesis, reinforcing the article’s core objective: to connect innovation with impact in the evolving landscape of HMW management.



Despite the comprehensive nature of this study, certain limitations should be acknowledged. First, the bibliometric analysis was limited to the Web of Science Core Collection, excluding publications from other databases such as Scopus or PubMed. Second, the reliance on English-language sources introduces language bias, likely excluding regional case studies and non-English contributions.



Moreover, while the VOSviewer version 1.6.20 methodology offers strong visual and structural insights, the clustering process is influenced by parameter settings (e.g., occurrence thresholds, normalization method), which may affect the interpretability of marginal themes. Third, the analysis was restricted to English-language publications, excluding potentially valuable contributions in other languages. Additionally, this study may underrepresent research from low- and middle-income countries due to disparities in publication volumes and indexing. Future research could address these limitations by incorporating multi-database triangulation, multilingual corpora, and comparative regional analyses to enrich the understanding of HMW dynamics in diverse contexts.
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Figure 1. PRISMA flow diagram for the selection of articles in bibliometric analysis. Created by authors based on BMJ model [83]. 
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Figure 2. Co-occurrence map of keywords in HMW literature (N = 1703 records). 
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Figure 3. Temporal overlay visualization of keyword co-occurrence in HMW literature (2020–2025). Note: The color scale was adjusted to cover the interval of 2021–2024 to enhance the visual contrast between recent and earlier publications. A broader timespan would have resulted in uniform coloring, reducing interpretability. 
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Figure 4. Density visualization map of keyword co-occurrence in HMW literature. 
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Figure 5. International co-authorship network in HMW research. Note: The color scale was adjusted to cover the interval of 2021–2024 to enhance the visual contrast between recent and earlier publications. A broader timespan would have resulted in uniform coloring, reducing interpretability. 
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Figure 6. Thematic clustering of terms in titles and abstracts from medical waste literature. 
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Figure 7. Temporal overlay of thematic terms from titles and abstracts. 
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Table 1. Key contributions to HMW management in the circular economy framework (2020–2025).
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	First Author
	Year
	Contributions
	Reference





	Abedeen et al.
	2025
	Alternative fuel recovery from syringe and bottle waste using pyrolysis in a fixed-bed reactor.
	[19]



	Pillai et al.
	2025
	Neutrosophic decision method applied to improve biomedical waste disposal under uncertainty.
	[20]



	Ebrahimzadehsarvestani et al.
	2025
	Highlights gaps in medical waste research; proposes tech, policy, and awareness strategies.
	[21]



	Dsouza et al.
	2025
	Promotes integrated sterilization, pyrolysis, composting, and digital waste platforms.
	[22]



	Soyler et al.
	2024
	Co-word analysis shows rising trends in pyrolysis and circular technologies in waste studies.
	[23]



	Fang et al.
	2024
	Ash from incinerated medical waste used to degrade antibiotics through activation of peroxydisulfate.
	[24]



	Bułkowska et al.
	2024
	Co-word analysis shows rising trends in pyrolysis and circular economy in waste studies.
	[25]



	Kharmawphlang et al.
	2024
	Links waste to energy tech to waste traits and country income; essential amid urbanization.
	[26]



	Zhou et al.
	2024
	Proposes a combined process of plasma gasification and Fischer–Tropsch synthesis to convert medical waste and biomass waste into synthetic fuels.
	[27]



	Shen et al.
	2024
	Optimizes medical waste transport using advanced route and location algorithms.
	[28]



	Suthagar et al.
	2024
	Proposes circular waste system with drone deliveries and reverse logistics.
	[29]



	Kumari et al.
	2024
	Recycles medical plastic into carbon dots for sustainable fluorescent markers.
	[30]



	Hu et al.
	2024
	Applies pyrolysis and gasification to treat infectious HMW.
	[31]



	Ji et al.
	2024
	Evaluates waste technologies for urban-scale sustainable healthcare solutions.
	[32]



	Liu et al.
	2024
	Improves waste crushing through parameter optimization in processing.
	[33]



	Bhandari et al.
	2023
	Reviews modern sterilization methods like plasma and ozone for hospitals.
	[34]



	Balaji et al.
	2023
	Uses sodium-ion supercapacitors made from recycled medical waste for sustainable energy.
	[35]



	Mehmood et al.
	2023
	Presents microbial treatment of pharmaceutical waste as a cost-effective, eco-friendly option.
	[36]



	Dri et al.
	2023
	Highlights advanced recycling like pyrolysis and bioremediation to recover hard-to-recycle waste.
	[37]



	Baralla et al.
	2023
	Introduces blockchain to improve traceability and efficiency in waste management systems.
	[38]



	Chandra et al.
	2023
	Discusses low-cost biological methods for degrading hazardous healthcare waste.
	[39]



	Matalkah et al.
	2023
	Transforms HMW ash into concrete additives to enhance durability and reduce waste impact.
	[40]



	Li et al.
	2023
	Explores plasma gasification for converting medical waste into hydrogen and methanol fuels.
	[41]



	Zhao et al.
	2023
	Combines biogas and waste valorization for zero-emission hydrogen fuel production.
	[42]



	Keleş et al.
	2023
	Analyzes polymer-based HMW for energy recovery through thermal treatment methods.
	[43]



	Alaedini et al.
	2023
	Analyzes waste gasification and catalyst design for hydrogen fuel and fuel cell use.
	[44]



	Andooz et al.
	2023
	Reviews pyrolysis for resource recovery; notes cost and tech barriers to implementation.
	[45]



	Bolan et al.
	2023
	Details environmental risks of toxic elements from incinerated medical waste.
	[46]



	Çelik et al.
	2023
	Applies fuzzy multi-criteria evaluation to improve hospital waste management.
	[47]



	Chu et al.
	2023
	Calls for policy support to scale green waste technologies despite high costs.
	[48]



	Długosz-Lisiecka et al.
	2023
	Assesses radioactive waste in radiotherapy using beam energy modeling.
	[49]



	Dong, et al.
	2023
	Evaluates heat recovery + gasification system for energy-efficient waste treatment.
	[50]



	El-Saadony et al.
	2023
	Warns of leachate risks; supports pyrolysis, gasification, and detox methods.
	[51]



	Kaur et al.
	2023
	Studies bacterial effects on strength and toxicity of ash-based concrete.
	[52]



	Krishna et al.
	2023
	Stresses education and infrastructure gaps in managing HMW in developing regions.
	[53]



	Kumar Mishra et al.
	2023
	Explores biochar from HMW as an eco-solution for soil and carbon capture.
	[54]



	Kumar et al.
	2023
	Highlights emission control tech for incinerated waste ash.
	[55]



	Lv et al.
	2023
	Proposes an integrated system that combines plasma gasification of medical waste, solid oxide fuel cells, supercritical carbon dioxide cycles, and desalination technologies.
	[56]



	Manjunath et al.
	2023
	Explores use of incinerated ash in concrete to improve durability and reduce waste.
	[57]



	Peng et al.
	2023
	Analyzes emission control and dioxin migration in medical waste incineration.
	[58]



	Qin et al.
	2023
	Studies technical feasibility of gasifying medical waste with converter gas.
	[59]



	Ramalingam et al.
	2023
	Uses thermal cracking to produce biofuels from plastic medical waste generated by personal protective equipment such as masks and gloves.
	[60]



	Sančanin et al.
	2023
	Recommends improved HMW storage to prevent risks from hazardous substances.
	[61]



	Sapkota et al.
	2023
	Compares disposal methods; promotes circular solutions like chemical recycling.
	[62]



	Tan et al.
	2023
	Evaluates catalytic pyrolysis of medical plastic waste for fuel and chemical recovery.
	[63]



	Tang et al.
	2023
	Applies pyrolysis and ash stabilization for sustainable plastic HMW management.
	[64]



	Thakur et al.
	2023
	Combines chemical and oxidation methods to treat toxic medical waste in low-resource settings.
	[65]



	Wang et al.
	2023
	Proposes biodegradable masks and stricter disposal regulations to address plastic pollution.
	[66]



	Wu et al.
	2023
	Compares remediation methods for endocrine-disrupting compounds; calls for regulation and monitoring.
	[67]



	Sepetis et al.
	2022
	Stresses public policy, green tech, and stakeholder collaboration for medical waste management.
	[68]



	Quan et al.
	2022
	Promotes gasification and combustion integration to support the circular economy and renewable energy.
	[69]



	Pokson et al.
	2022
	Evaluates energy efficiency of combined heat–power systems fueled by infectious medical waste.
	[70]



	Bharti et al.
	2022
	Reviews advanced sterilization like Ultraviolet-C radiation and ozone for safer medical waste disinfection.
	[71]



	Wawale et al.
	2022
	Recommends real-time tracking using sensors and fuzzy classification to manage hazardous waste.
	[72]



	Lemma et al.
	2022
	Highlights risks of poor infectious waste handling; urges standard procedures and staff training.
	[73]



	Govindan et al.
	2022
	Advocates for reverse logistics to recover and reuse protective equipment and syringes.
	[74]



	Erdem
	2022
	Proposes a logistics model to manage increased medical waste during pandemics sustainably.
	[75]



	Zhao et al.
	2022
	Supports rapid destruction and recycling technologies for emergency HMW management.
	[76]



	Zhao et al.
	2021
	Compares disposal technologies by efficiency, emissions, and costs; supports balanced solutions.
	[77]



	Giakoumakis et al.
	2021
	Reviews incineration, pyrolysis, gasification, and fermentation for valorizing HMW.
	[78]



	Su et al.
	2021
	Recommends integrated waste treatment adapted to local needs for effective management.
	[79]



	Soldatos et al.
	2021
	Highlights digital tools like Internet of Things (IoT) and blockchain for traceability and resource monitoring.
	[80]



	Patel et al.
	2020
	Describes pyrolysis as a cleaner method to convert HMW into fuel and reduce fossil use.
	[81]



	Alam et al.
	2020
	Assesses incineration vs. landfill in Chittagong using life cycle analysis for impact comparison.
	[82]










 





Table 2. Medical waste dimensions and implications.
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	Thematic Dimension
	Key Findings
	Implications for Research and Practice





	Technological systems
	Strong focus on advanced treatment methods (e.g., pyrolysis, gasification, sterilization)
	Further research needed on integration of these technologies into scalable, cost-effective waste infrastructures



	Environmental metrics
	Emergence of carbon footprint, LCA, circular economy concepts in recent literature
	Encourages adoption of performance-based sustainability indicators in waste policy and system design



	Operational efficiency
	Frequent use of optimization, process, value terms; alignment with lean management logic
	Suggests the applicability of lean tools (Value Stream Mapping, 5S method, Kaizen) for enhancing efficiency and minimizing waste in healthcare systems



	Computational modeling
	New terms: algorithm, network, simulation, sensitivity analysis
	Opens directions for AI- and data-driven decision support systems in smart waste management



	Behavioral and policy
	Clusters include training, awareness, guidelines, intervention
	Highlights the need for participatory, education-based, compliance-focused strategies in waste reduction efforts



	Global collaboration
	Dense international co-authorship network with key hubs in China, India, USA
	Reinforces the need for knowledge-sharing platforms and capacity building, especially in emerging and low-resource countries
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