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Abstract: The discourse surrounding sustainability, particularly in the urban environment, has gained
considerable momentum in recent years. The concept of a smart city epitomises the integration of
innovative technological solutions with community-centred approaches, thereby laying the ground-
work for a sustainable lifestyle. One of the crucial components of this integration is the effective and
innovative management of waste. The aim of this article was to classify scientific research pertaining
to waste management within the context of smart city issues, and to identify emerging directions for
future research. A systematic literature review, based on a bibliometric analysis of articles included
in the Scopus and Web of Science databases, was conducted for this study. The purpose of such a
systematic review is to identify, integrate, and evaluate research on a selected topic, using clearly
defined criteria. The research query included: TITLE-ABS-KEY (“smart city” AND (waste OR garbage
OR trash OR rubbish)) in the case of Scopus, and TS = (“smart city” AND (waste OR garbage OR
trash OR rubbish)) in the case of the Web of Science database. A total of 1768 publication records
qualified for the analysis. This study presents an investigation into the current and forthcoming
directions of waste management in smart cities, synthesising the latest advancements and methods.
The findings outline specific future research directions encompassing technological advancement,
special waste challenges, digitisation, energy recovery, transportation, community engagement, pol-
icy development, security, novel frameworks, economic and environmental impact assessment, and
global implications. These insights reflect a multifaceted approach, advocating a technology-driven
perspective that is integral to urban sustainability and quality of life. The study’s findings provide
practical avenues for cities to enhance waste management through modern technologies, promoting
efficient systems and contributing to sustainable urban living and the circular economy. The insights
are vital for policymakers and industry leaders globally, supporting the creation of universal stan-
dards and policies, thereby fostering comprehensive waste management systems aligned with global
sustainability objectives.

Keywords: smart city; waste management; smart bin; energy; living; transport; sustainability;
internet of things; blockchain; machine learning

1. Introduction

The concept of the smart city has become increasingly prevalent, especially in devel-
oping nations, as a prospective solution to the challenges triggered by the urbanisation
process [1,2]. These cities necessitate the amalgamation of information and communication
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technology (ICT) and internet technologies to reshape their structure, including areas such
as advanced infrastructure, transportation, environment, healthcare, governance, and more,
all aimed at developing a sustainable ecosystem that minimises threats to urban life [3-6].
These novel frameworks consist of a convergence of ICT technologies, sustainability, and
performance indicators in various sectors such as technical, social, and economic [7,8].

At the centre of these technological innovations, the internet of things (IoT) has
emerged as a main driver in smart city initiatives globally. IoT-enabled systems catalyse
the transformation of urban cities, fostering advancements in infrastructure, waste manage-
ment, transportation, and the overall enhancement of human life. This transformation is
further aided by advanced IoT communication technologies, enabling the fusion of various
components to improve city administration and resident services [9]. IoT-enabled smart
cities may bring extensive benefits in optimising public services such as transport, water
management, smart buildings, healthcare, education, and more, with the potential to trans-
form societies into smart communities [10-16]. One critical aspect where this convergence
finds its application is waste management [17].

The impending increase in global population to 9.75 billion by 2050 (representing an
increase of 22.5% from the 2022 population of 7.96 billion) [18] and the anticipated rise
in worldwide waste production to 2.8 billion tonnes by 2050 [19] further necessitate the
development of smart waste management. This increase, coupled with the potential dou-
bling of waste generation every decade, introduces immense financial burdens related to
collection, landfills, and recycling [20]. Research recommends utilising smart technologies
to augment waste management systems [21-24]. However, the successful integration of
these technologies necessitates citizen participation and behavioural changes, emphasising
the role of city managers and policymakers in fostering awareness and engagement [25].

Smart waste management’s complexity necessitates a comprehensive multi-criteria
approach, involving data collection, analytics, route planning, optimisation, decision
support, waste classification, and more [26]. A significant part of this complexity lies
in the IoT-enabled services, which represent a departure from older technologies like
geographical information systems [27] and routing and scheduling. IoT alone can facilitate
true innovation in waste management [28]. The capabilities of smart waste management
extend to improvements in energy efficiency, environmental safety, quality of life, and
reduction in resource consumption [29].

Nevertheless, challenges persist, notably the lack of coordination between different
data sources and an integrated data cloud that can be shared among various stakehold-
ers [30]. Additional focus is required on social aspects, including citizens” environmental
awareness and the further implementation of technologies in recycling, reverse logistics,
and support of environmental regulations [31].

The integration of smart waste management within smart cities presents a promising
avenue towards sustainable urbanisation. Leveraging IoT technologies, it offers significant
contributions to energy efficiency, environmental protection, and improved quality of life.
Continued research and development are essential, focusing on data integration, social
considerations, and technological innovations.

The role of waste management within the smart city framework goes beyond its
fundamental utility, mere rubbish disposal. Through the integration of state-of-the-art
technologies and the adoption of data-driven methods, cities are charting a path towards
sustainable development and increased quality of life [1,32-34]. As urban landscapes
undergo transformation, the connection between smart solutions and waste management
will unquestionably become more intricately intertwined, shaping the cities of the future.
This represents a comprehensive approach to cultivating cleaner, more sustainable, and
efficient urban environments.

Analyses of review articles in the realm of waste management have unveiled diverse
avenues of research focus, spanning technological, sociological, geographical, and economic
dimensions. The multifaceted nature of waste management research is reflected across
the following categories: technological innovation in solid waste management [35,36];



Resources 2023, 12, 115

30f25

electronic waste (e-waste) management [37-39]; medical and pandemic-related waste
management [40,41]; waste-to-energy (WTE) technology [42]; zero-waste management [43];
municipal solid waste management [44—49]; construction and demolition waste [50-53];
circular economy [54-57]; global trends and analyses related to waste management [58,59];
behavioural and entrepreneurial aspects [60-62]; sustainable waste management [63]; and
local waste management [64].

In order to highlight issues related to waste management in smart cities, the authors
also analysed review articles closely related to this topic. The results of these analyses
indicate a focus on:

e  Technological foundations—most smart cities heavily rely on technology, with the
internet of things (IoT) considered a pivotal component [1,65,66]. Beyond the IoT
sphere, the literature also highlights the significance of other technologies such as big
data analytics, cloud processing, and blockchain [67,68]. Additionally, the literature
analysis encompasses topics like product lifecycle data collection, formulating inno-
vative business models aimed at preventing waste generation, and sensor-equipped
infrastructure for effective waste segregation and collection [30].

e  Environmental issues and sustainable development—the literature emphasises that
while technological innovations are essential, an equal emphasis on sustainability
is vital. From this perspective, smart cities should not only be technologically ad-
vanced but should also promote sustainable development practices, especially in
waste management [30,69].

Based on the analyses conducted, the following research gaps were identified:

o Alack of a holistic view on the topics of existing research concerning waste manage-
ment in smart cities;

e  Directions for future research in the area of waste management in smart cities are
presented in a fragmented manner across various articles and typically relate only to
the area researched within them.

In this paper, through the use of bibliometric analysis and systematic literature review,
the authors comprehensively and succinctly present existing waste management practices
in smart cities and identify areas requiring further research.

This publication will address the following questions:

e  What research areas are included in scientific publications concerning waste manage-
ment within the framework of a smart city?

e  What should be the future research directions focused on the development of waste
management in the context of smart cities?

The article is composed of five sections. The introduction provides fundamental
information pertinent to waste management in smart cities. The second section elucidates
the research method and tools applied, in addition to the material subject to analysis. The
third part delineates the research findings related to areas encompassed within scientific
publications on waste management within the context of a smart city. The fourth section
offers a critical discussion of the results, segregated into three subsections that tackle
matters of technology, living, and transportation. In this section, directions for future
research regarding waste management in smart cities also are delineated. In the final
section, conclusions and limitations of this study have been included.

2. Materials and Methods

The literature on waste in smart cities was examined using a bibliometric analysis
approach. This method is frequently employed by researchers, particularly when first
exploring a specific research topic. Given the vast number of publications available, it
facilitates the identification, synthesis, analysis, and critical evaluation of their contents [70].
The results obtained provide insights into the main research directions, trends, and changes
in the number of publications over a specific time period. Moreover, it enables the cre-
ation of rankings for the most productive authors, journals, research units, and countries
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within the field of research [71]. Bibliometric analysis is applicable to well-established
research areas in the literature [72-75], as well as emerging ones [76,77]. Figure 1 illus-
trates the operationalisation of the process employed in this article using the bibliometric
analysis method.

Database | > Scopus
» selection
"""""""""""""""""""""" > Web of Science
K d (“smart city” AND
e{w :).r R > (waste OR garbage
selection OR trash OR rubbish))
4 ]
Period: 2010-2023
Criteria Document types: articles, proceedings
@ selection | > papers, conference papers, books, book
chapters, editorial materials, reviews,
early access
A
Data extraction, Criteria for deleting
removal | > duplicates:
of duplicates DO, title, authors
\ 4
L Scope: number publications per year,
Quantlta.tlve """"" | 4 document types, the most productive
analysis e L
authors, institutions, countries, journals
\ 4
Identification > Visualisation of the most frequent
of research areas keywords
A 4
Creation ofthematic | > Visualisation of thematic areas
clusters

Figure 1. Research methodology. Source: authors” work.

The research process was conducted according to a methodology comprising seven
tasks (Figure 1). In the initial phase of the study, the researchers opted for the Scopus and
Web of Science bibliographic databases. The selection of these databases was motivated by
their extensive availability and thematic coverage across various scientific disciplines. The
bibliometric analysis began by focusing on publications that contained the specific terms
‘smart city’, ‘waste’, ‘garbage’, ‘trash’, ‘rubbish’. In the first and second samples, the search
encompassed publications with these phrases throughout the entire document, while the
third and fourth samples included titles, abstracts, and keywords.

To refine the search, certain restriction criteria were applied. The search was limited
to materials published between 2010 and 2023. For further analysis, articles, conference
proceedings, books, book chapters, reviews, editorials, and early access publications were
considered eligible. On the other hand, publication types such as retracted publications,
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notes, errata, and letters were excluded. The outcomes of the search are presented in

Table 1.

Table 1. Search results.

Search Number Stage Web of Science Scopus
Research query ALL = smart city AND waste ALL (smart city AND waste)
1. Number of all articles 1850 32,135
Number O,f artl?les'after 1836 31,416
inclusion criteria
Research query ALL = “smart city” AND waste ALL (“smart city” AND waste)
2. Number of all articles 815 13,010
Number (?f artlFIes. after 815 12,011
inclusion criteria
Research query TS = “smart city” AND waste TITLE_ABS_KEVX;S;I;IM’[ city” AND
3. Number of all articles 881 1533
Number (?f artl?les'after 881 1467
inclusion criteria
Research quer TS = (“smart city” AND (waste OR TI(&E;?E)SIQKgrng S;n Ca)ﬁ EZh%T(D
4. quety garbage OR trash OR rubbish)) garbas
rubbish))
Number of all articles 938 1657
Number of articles after 938 1582

inclusion criteria

Source: authors” work.

A search for the phrase ‘smart city AND waste” across the range of papers in the first
sample generated 32,135 records in Scopus and 1850 records in Web of Science. However,
upon the initial analysis, it became evident that many of these publications were not directly
relevant to the study area. The search in the second attempt, enclosing the keywords in
quotation marks (“smart city” AND waste), also did not yield satisfactory results. As a
result, a third attempt was made, restricting the search only to publications containing
the specified phrase in their titles, abstracts, and keywords. The refined search produced
1533 records in Scopus and 881 in Web of Science.

Analysis of the collected records in all three search attempts provided extremely
important information from the point of view of the study. It was noted that the record of
the word ‘waste’ also appears in the form of the following alternative phrases: ‘garbage’,
“trash’, ‘rubbish’. A fourth search for the phrase (“smart city” AND (waste OR garbage OR
trash OR rubbish)) across the range of papers in the first sample generated 1657 records in
Scopus and 938 records in Web of Science. After applying the limiting criteria, 1582 records
in Scopus and 938 in Web of Science were obtained. The search results are detailed in
Table 1.

Full records in *.csv format were downloaded from each database, and these files were
amalgamated into one, yielding a total of 2520 records. After the elimination of duplicates,
a subset of 1768 records was selected for further analysis.

Based on the acquired dataset, various analyses were conducted to examine the num-
ber of publications within specific time periods and to identify the most productive authors,
organisations, countries, and journals. The research also focused on pinpointing the most
notable articles, particularly those with the highest frequency of citations. Furthermore, an
exhaustive investigation of commonly recurring keywords was carried out, culminating
in the creation of a map that depicts the co-occurrence of keywords associated with the
application of waste in smart cities. The keyword co-occurrence map was created using
VOSviewer software (version 1.6.19).

To ensure accuracy and relevance, an additional thesaurus file was prepared [78],
which facilitated the elimination of duplicate terms with similar meanings (e.g., IoT and
internet of things) or terms not pertinent to the study (e.g., article, research, review, state).
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This file was developed on the basis of keyword analysis and a meticulous review of
the publication collection. The outcome of this analysis enabled the identification of
thematic areas.

3. Results

In the initial phase of the study, an analysis was conducted on the number of publica-
tions over the years and the types of publications in the area of waste in smart cities, using
the Scopus and Web of Science databases.

Between 2017 and 2023, a significant number of publications on the subject of waste
in smart cities emerged in both the Scopus (1582) and Web of Science (938) databases
(Figure 2). Prior to this period, references to this topic were infrequent. The total number of
citations for publications indexed in the Scopus database reached 17,268, while in Web of
Science, it amounted to 14,052. There were 477 uncited publications in Scopus and 241 in
Web of Science.

302

163

151

87

5 4
58 4 20

2010

2011 2012 2013 8 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

e Scopus === \\eb of Science Unique records

Figure 2. Publications in the field of waste management in smart cities in the Scopus and Web of
Science databases (indexed from January 2010 to July 2023).

In both the Web of Science and Scopus databases, the majority of publications were
articles (51.2% and 32.4%, respectively) and conference papers (42.2% and 53.1%). Reviews,
editorials, and book chapters constituted a smaller portion. The distribution of publications
by document type is depicted in Figure 3.

wes orscierce.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

mArticles mProceedings Paper mReview mEditorial Materials mBook Chapter mBook mEarly Access

Figure 3. Types of publications in the field of waste management in smart cities, as indexed in the
Scopus and Web of Science databases (January 2010 to July 2023).

Zaslavsky and Anagnostopoulos have been recognised as the most productive authors
in this field, with 17 and 14 publications respectively. Their jointly referenced work,
‘Challenges and Opportunities of Waste Management in IoT-Enabled Smart Cities: A
Survey’ from 2017, has gathered 195 citations in the Web of Science and 140 in Scopus.
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Following them in terms of productivity are Medvedev with 9 publications, Nakazawa
with 8, and Zafar with 7. Ratti has the distinction of having the highest average number of
citations per publication in both databases, with counts of 71.2 in Scopus and 44.00 in the
Web of Science. Ratti et al.’s most cited work, ‘The Future of Waste Management in Smart
and Sustainable Cities: A Review and Concept Paper’ was published in Waste Management
in 2018 and has been cited 225 times in Scopus and 174 times in the Web of Science. A
detailed list of the most productive authors can be found in Table 2.

Table 2. The most productive authors, organisations, countries, and journals.

Citation [Average]

No. Item Publication [N] [%]

Scopus WoS

Authors
1. Zaslavsky, A. 17 1.0 379 30.8
2. Anagnostopoulos, T. 14 0.8 49.7 29.1
3. Medvedev, A. 9 0.5 56.1 45.8
4. Nakazawa, J. 8 0.5 9.5 8.6
5. Zafar, N.A. 7 04 14.4 43
6. Ratti, C. 6 0.3 71.2 44.0
7. Toutouh, J. 6 0.3 9.2 7.2
8. Sosunova, I. 6 0.3 55 4.8
9. Fedchenkov, P. 6 0.3 28.5 4.3
10. Chen, Y. 6 0.3 8.3 7.7
11. Anjum, M. 6 0.3 4.0 1.8
Countries
1. India 486 27.5 8.5 114
2. China 153 8.7 12.1 22.8
3. United States 112 6.3 25.3 33.3
4. Italy 103 5.8 20.6 21.9
5. Spain 73 4.1 11.6 17.8
6. United Kingdom 63 3.6 29.3 33.7
7. Australia 63 3.6 23.8 19.7
8. Russia 58 33 19.1 19.3
9. Indonesia 57 32 5.6 45
10. Saudi Arabia 48 2.7 24.0 184
11. Malaysia 47 2.7 214 22.0
Organisations
1. Vellore Institute of Technology 24 14 14.3 19.8
University of Information Technologies, Mechanics and
2 Optics University ITMO 2 12 455 34.0
3. National Institute of Technology Nit System 17 1.0 59 6.2
n Commonwealth Scientifif: an.d Industrial Research 15 0.8 462 05
Organization

5. K L Deemed to be University 14 0.8 8.1 N/A
6. Amity University 13 0.7 2.1 0.5
7. Lovely Professional University 12 0.7 8.4 8.1
8. Massachusetts Institute of Technology 11 0.6 35.5 25.6
9. Indian Institute of Technology System LIT System 11 0.6 8.0 8.6
10. Instituto de Telecomunicagoes 10 0.6 45.2 N/A
11. Politecnico di Bari 10 0.6 35.7 43.0
12. Universitas Diponegoro 10 0.6 2.7 0.0
13. Egyptian Knowledge Bank EKB 10 0.6 N/A 5.9
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Table 2. Cont.

Citation [Average]

No. Item Publication [N] [%]

Scopus WoS

Journals
Lecture Notes in Computer Science including Subseries
1. Lecture Notes in Artificial Intelligence and Lecture Notes in 39 2.2 8.7 6.7
Bioinformatics

2. Sustainability (Switzerland) 38 21 159 16.6
3. IOP Conference Series Earth and Environmental Science 34 1.9 41 8.8
4. Lecture Notes in Networks and Systems 30 1.7 0.6 0.8
5. Advances in Intelligent Systems and Computing 27 15 3.8 4.0
6. ACM International Conference Proceeding Series 24 14 1.3 N/A
7. Sensors (Switzerland) 22 1.2 35.6 15.2
8. E3s Web of Conferences 21 12 2.7
9. IEEE Access 20 1.1 28.8 25.0
10. Sustainable Cities and Society 18 1.0 91.2 69.0
11. Communications in Computer And Information Science 18 1.0 4.6 4.5
12. Applied Sciences (Switzerland) 17 1.0 10.7 8.5

Note: [N]—number of publication, [%]—percentage of the total number of publication (1768), N/ A—not applica-
ble. Source: authors” work.

In terms of geographical origin, most of the publications hail from India (486), with
China (153) and the United States (112) following behind. When examining affiliations
of authors, Vellore Institute of Technology stands out as the institution responsible for
the largest number of publications (24), with the University of Information Technologies,
Mechanics and Optics (ITMO University) not far behind at 21, and the National Institute
of Technology Nit System contributing 17. It is worth highlighting that works from the
Commonwealth Scientific and Industrial Research Organization (cited 46.2 times on average
in Scopus and 32.5 in WoS), ITMO (45.5 in Scopus, 34.0 in WoS), Politecnico di Bari (35.7 in
Scopus, 43.0 in WoS), and Massachusetts Institute of Technology (35.5 in Scopus, 25.6 in
WoS) are among the most frequently cited. These institutions show a remarkable average
citation count in both the Scopus and Web of Science databases, setting them apart from
other entities in the ranking.

Lecture Notes in Computer Science, including its subseries Lecture Notes in Artificial
Intelligence and Lecture Notes in Bioinformatics, led the list of most productive journals with
39 publications. It was closely followed by Sustainability, which had 38 publications, and
the IOP Conference Series Earth and Environmental Science, with 34 publications. In contrast,
the journals boasting the highest average number of citations per article across different
databases were Sustainable Cities and Society (with 91.2 citations in Scopus and 69.0 in WoS),
IEEE Access (with 28.8 in Scopus and 25.0 in WoS), and Sensors (with 35.6 in Scopus and
15.2 in WoS) (Table 2).

Silva et al.’s 2018 [1] paper, titled “Towards Sustainable Smart Cities: A Review of
Trends, Architectures, Components, and Open Challenges in Smart Cities,” stands as
the most cited work, garnering 838 citations in Scopus and 626 in the Web of Science.
Subsequent to this were the 2010 piece by Harrison et al., ‘Foundations for Smarter Cities,’
and Yao et al.’s 2018 study, ‘Deep Multi-View Spatial-Temporal Network for Taxi Demand
Prediction.” While these articles were highly cited, their total citation counts in Scopus (784
and 631) and the Web of Science (588 and 569) were not as high as that of Silva et al.’s work.

The most highly cited papers were published in various journals and conference
materials. Among the journals were Sustainable Cities and Society, IBM Journal of Research and
Development, IEEE Communications Magazine, International Journal of Information Management,
Telematics and Informatics, Lecture Notes in Information Systems and Organisation, Journal of
Systems and Software, and Journal of Cleaner Production. Six of the most highly cited articles
were published in 2017, 2018, and 2019, with exactly two in each year (Table 3).
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Table 3. The most cited articles on waste management in the smart city area.

No. Authors Article Title Journal Citations [N]
Scopus WoS
Towards sustainable smart cities: A
Silva et al. review of trends, architectures, . - .
1. (2018) [1] components, and open challenges in Sustainable Cities and Society 838 626
smart cities
2. Harrison et al. [79] Foundations for Smarter Cities IBM Journal of Research and 784 588
(2010) Development
Deep multi-view spatial-temporal 32nd AAAI Conference on
3. Yao etal. (2018) [80] network for taxi demand prediction Artificial Intelligence 631 569
4 Mehmood et al. [81] Internet-of-things-based smart cities: IEEE Communications 423 38
’ (2017) Recent advances and challenges Magazine
Ismagilova et al Smart cities: Advances in International Journal of
5. & T [82] research-An information systems - 430 319
(2019) . Information Management
perspective
Higon et al. ICT and environmental . .
6. (2017) [83] sustainability: A global perspective Telematics and Informatics 291 256
Harrison and 55th Annual Meeting of the
7. [84] A theory of smart cities International Society for the 271 N/A
Donnelly (2011) .
Systems Sciences
Smart mobility in smart city action . .
Benevolo et al. . . . Lecture Notes in Information
8. [85] taxonomy, ICT intensity and public L 247 181
(2016) . Systems and Organisation
benefits
9. Piro et al. (2014) [86] Information centr.1§ servicesm Journal of Systems and Software 239 171
Smart Cities
Smart technologies for promotion of
Nizeti¢ et al. energy efficiency, utilization of .
10. (2019) [87] sustainable resources and waste Journal of Cleaner Production 220 192
management
Esmaeilian et al The future of waste management in
11. ) [30] smart and sustainable cities: A Waste Management 225 174

(2018)

review and concept paper

Note: [N]—number of citations, N/A—not applicable. Source: authors” work.

In the context of the bibliometric analysis, keywords recurrently associated with the
subject of waste in the smart cities were extracted. The analytical process employed the use
of VOSviewer software (version 1.6.19). The resulting collection consisted of 181 words
or phrases that occurred a minimum of five times in the keywords of the 1768 articles
examined. This collection included words synonymous with abbreviations or repetitions
(for example, ‘Internet of Things’, ‘internet-of-things’, ‘loT’, ‘neural network’, and ‘neural
networks’), as well as terms not intrinsically related to the central theme of analysis (such
as ‘article’, ‘analysis’, ‘scheme’, ‘model’, ‘knowledge’, ‘literature review’). A thesaurus
file was curated and deployed to systematise the word set. Search keywords (e.g., ‘smart
city’, ‘smart cities’, ‘waste’, ‘garbage’, ‘rubbish’, ‘trash’) were purposely excluded from this
collection. The nomenclature of terms and abbreviations sharing similar meanings was
standardised, and terms unrelated to the analysis performed were discarded. The refined
collection included 94 keywords that appeared at least 5 times. The most prevalent terms
and their interconnections are depicted in Figure 4.

In order to clearly present the obtained results, the co-occurrence map was reduced
to 54 keywords strictly linked to the area under investigation. The limitation involved
presenting only the keywords that appeared at least 10 times. Among the most frequent
keywords related to waste in the context of a smart city are terms associated with tech-
nological aspects, such as the internet of things (451), waste management (229), sensor
(103), machine learning (64), smart waste management (61), artificial intelligence (57), deep
learning (57), wireless sensor networks (54), smart bins (52), waste collection (51), cloud
computing (48), big data (46), LoRaWAN (42), blockchain (38), and GSM/GPRS (37).
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Figure 4. Key word co-occurrence map on the waste management in smart city. Source: authors
work using VOSviewer software (version 1.6.19).

These main terms are interconnected with waste and are closely linked with subareas
identified in two clusters, encompassing issues related to waste within smart cities. Within
these individual clusters, the most frequently appearing keywords were:

e Implications of waste on sustainability, urban living, and the environment—sustainable

(91), energy (54), circular economy (39), renewable energy (32), urbanisation (31);

e  Transportation in a smart waste management system—traffic management (16), smart

transport (13), transportation (11).

The larger the circle in Figure 5, the more often a given keyword occurs. It should also
be highlighted that these terms exhibit the most connections to other terms. A list of all key
words from the 3 subareas is presented in Table 4.
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Figure 5. Thematic subareas on the waste management in the smart city. Source: authors” work using
VOSviewer software.

Table 4. Subareas of waste management in the smart city research.

No. Subareas Name Key Words
waste management (WM), smart waste management, waste collection,
waste segregation, municipal solid waste (MSW), internet of things (IoT),
sensor, machine learning, artificial intelligence, deep learning, big data,
Innovative technologies data analytics, cloud computing, edge computing, radio-frequency
1. Technology enhancing waste management identification (RFID), wireless sensor networks (WSN), LoRaWAN,
in smart cities LPWAN, GSM/GPRS, blockchain, information and communications
technology (ICT), geographic information system, Arduino,
microcontroller, genetic algorithm, convolutional neural network (CNN),
e-waste management, recycling, smart bins
Implications of waste on sustainable, green city, urbanisation, air pollution, climate change, quality
2. Living sustainability, urban living and of life, healthcare, pandemic, energy, renewable energy, water

3. Transport

the environment management, security, intrusion detection, industry 4.0, circular economy

L smart transport, mobility, traffic management, transportation, vehicle
Transportation in smart waste . 1 s .
routing problem, smart home, smart government, smart grid, intelligent
management system .
transport systems (ITS), smart parking

Source: authors” work.
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The first area, ‘Innovative technologies enhancing waste management in smart cities’,
scrutinises the application and integration of advanced technologies to elevate waste
management within smart city infrastructures. It manifests an intersection of technology
and environmental management, leveraging the capabilities of machine learning, artificial
intelligence (Al), and cloud and edge computing, among others. Key terms such as internet
of things (IoT), big data, sensor, geographic information system [27], blockchain and smart
bins, to name a few, elucidate the technology-centric focus of this domain.

The second area, ‘Implications of waste on sustainability, urban living, and the envi-
ronment’, critically assesses the multifaceted impacts of waste on sustainable development,
urban living, and environmental health. It highlights the inextricable ties between waste
management and quality of life, energy usage, circular economy, and environmental secu-
rity. The essence of this theme is captured in keywords such as sustainable, green city, air
pollution, renewable energy, and intrusion detection.

The third area, “Transportation in smart waste management system’, delves into the
role of transportation within the context of waste management in smart cities. It brings into
focus the synergistic relationship between smart transportation systems and effective waste
management. Keywords such as smart transport, traffic management, vehicle routing
problem, and intelligent transport systems (ITS) underline the logistical complexities
inextricably tied to this theme.

4. Discussion

The study has unveiled three distinct research subareas related to waste management
in smart cities: innovative technologies enhancing waste management (i), implications of
waste on sustainability, urban living and the environment, (ii) and transportation in smart
waste management systems (iii). Each of these subareas sheds light on different facets of
waste management within the context of smart urban environments. Not only do they offer
a comprehensive understanding of the subject, but they also reveal interconnections among
them (Figure 6).

Innovative technologies
enhancing waste
management in smart
cities

SMART CITY

Implications
of waste Transportation
on sustainability, in smart waste

urban living
and the environment

management system

Figure 6. The relationships between thematic subareas on the waste management in the smart city.
Source: authors” work using VistaCreate software.

In essence, despite the diversity in their primary focuses, these three subareas collec-
tively shape a holistic and efficient waste management system for smart cities. Technological
innovations underpin the tools essential for this system; sustainability implications set the
goals to be achieved, and transportation logistics play a pivotal role in ensuring effective
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on-the-ground implementation. When synchronised, these facets contribute seamlessly to
the broader vision of fostering a cleaner, greener, and more intelligent city.

4.1. Technologies Enhancing Waste Management in Smart Cities

As societies continue to grapple with rapid urbanisation and burgeoning populations,
the management of waste becomes an increasingly pressing issue [3,66,88,89]. Modern
technology has become a pivotal component in addressing the growing challenges of waste
management in smart cities. This transformation has been catalysed by the increasing
demand for efficient, eco-friendly, and sustainable waste management solutions. A key
player in this movement is the internet of things, the use of which in waste management
systems (WMS) has offered notable solutions to this pressing global issue [26,30,90].

The underpinning principle is the incorporation of smart devices and sensors through-
out the urban landscape, tasked with monitoring and collecting data on waste generation
and management. As a data-centric approach, this system empowers more efficacious
management of waste collection and disposal, transportation logistics, and recycling ef-
forts [26,91]. The comprehensive waste management system can utilise tracking and
data-sharing technologies, all integrated into a central framework, thereby optimising
waste lifecycle processes such as collection, recovery, and prevention [30].

One such recommendation is an IoT-based waste management system. This innova-
tive system encompasses smart waste bins outfitted with sensors that monitor their fill
levels, allowing for real-time waste management and analysis, revolutionising the way
solid waste is managed in smart cities [24,92-94]. The data from these bins can then be
wirelessly transmitted to a central hub, facilitating prompt waste collection and preventing
overflow [23,24,89,95-101]. Sensors installed in these systems also measure the weight
and level of waste inside the bin, communicating this information to waste management
systems [23,24,102]. This technological amalgamation, with blockchain offering traceabil-
ity, immutability, transparency, and audit features in a decentralised, trusted, and secure
manner, is proving instrumental in enhancing waste management in smart cities [103].

Long-range wide area network (LoRaWAN) technology is another key enabling tech-
nology for IoT architectures. This technology can support different types of services under
the smart waste management system, including smart bins and drop-off containers that
interact with users, and video surveillance units [104] equipped with machine learning
capabilities for detecting nearby fires [104].

Beyond mere collection of waste, IoT has also been instrumental in optimising waste
collection routes. By utilising loT-based devices and data analytics, optimal paths for
waste collection can be determined, thereby minimising the total transportation cost and
maximising efficiency [89,105].

Certain models even seek to maximise value recovery from waste, thereby not only
optimising waste collection but also contributing to recycling efforts and the movement
towards a more sustainable and circular economy [3,105].

Another prominent technological approach to waste management in smart cities in-
volves machine learning. This can be seen in machine learning-based household waste
management systems, which utilise techniques such as K-nearest neighbours (KNN) to
generate alert messages based on different sensor values [106]. Similarly, innovative
techniques like mobile edge computing and deep learning have been employed to au-
tomate street garbage information collection, using high-resolution cameras and faster
region-convolutional neural networks (Faster R-CNN) for identification and counting of
rubbish [107]. Automated machine learning-based waste recycling frameworks (AML-
WRFs) utilise machine learning for the classification and separation of waste in mixed
recycling applications, thereby enhancing the efficiency of waste separation. Coupled
with real-time data on waste generation behaviour obtained from IoT-powered devices
installed in waste containers, such approaches can significantly enhance waste management
productivity in smart cities [108].
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Machine learning techniques have also been applied to predict solid waste generation.
Through a developed ensemble learning technique, authorities can accurately predict
the weekly waste generation of households within urban cities. This assists in efficient
planning of waste management processes, including collection, sorting, disposal, and
recycling [106,109,110].

Big data analysis and geographic information systems [27] are being leveraged to
optimise waste management in smart cities. Detailed mapping of waste generation and
collection across the city, in conjunction with an analysis of the efficiency of collection
routes, can illuminate areas of inefficiency and suggest potential improvements [111].

On the other hand, digital modelling and artificial neural network (ANN) applications
have been employed to automatically sort and classify waste types according to recycling
requirements. Such systems can enhance the efficiency and effectiveness of recycling in
smart cities, thus accelerating progress towards a circular economy [112,113].

One significant challenge encountered by the waste management and recycling indus-
try is the identification of waste materials prior to the separation process, which is often
a costly endeavour. The emergence of smart waste management systems, such as recy-
cle.io, aids in overcoming these challenges. This serverless IoT architecture can determine
real-time types of source material violations prior to waste collection, thereby enabling
identification and rectification of violations through awareness campaigns or issuance of
fines [114].

Furthermore, geographical information system and remote sensing techniques can
significantly enhance solid waste management in smart cities [115]. These approaches aid
in the collection and transportation of waste from the generation stage to the dumping
stage, reducing travel distances by more than half in some cases. Implementing optimal
transfer station locations, considering factors like open land availability, access ease, and
environmental requirements, also proves beneficial. The analysis of vegetation cover
changes around dumping sites offers further insight into the environmental impact of
waste management practices.

However, while the adoption of IoT and other modern technologies in waste man-
agement has shown immense promise, it is not without challenges. Identified barriers
include operational costs, lack of standardisation and policy norms, privacy and security
issues, and a general deficit in technical knowledge among policymakers [116]. Hence, the
successful implementation of these technologies in waste management requires overcoming
such adoption barriers, necessitating the development of standard policies and practices
for the technology’s usage. Future research directions could focus on the development
of these policies, as well as the exploration of novel frameworks and business models for
IoT-enabled waste management [30,116].

Modern technologies, particularly IoT, machine learning, mobile edge computing,
blockchain technology, and LPWAN with LoRa, have brought about significant improve-
ments in efficiency, cost-effectiveness, and environmental sustainability in waste manage-
ment within smart cities. They have engendered more active participation and cooperation
among stakeholders, including waste generators, collectors, city administration, and other
industry players, thus signposting a more sustainable and eco-friendly future. While
these technologies have shown significant promise in enhancing efficiency and reducing
costs, the full potential of these innovations remains largely untapped, offering extensive
opportunities for further research and innovation [66].

4.2. Implications of Waste for Sustainability, Urban Living, and the Environment

The critical intersection of sustainability, energy efficiency, and quality of life within
the scope of smart city living is substantially influenced by the current approach to waste
management, which remains a pivotal aspect of efficient urban functioning [30]. Smart
cities offer promising opportunities to address environmental issues and amend deficiencies
in existing waste management practices. Central to this effort is the development of an
integrated waste management framework. This includes elements such as lifecycle data
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collection infrastructure, innovative business models that rely on this data to prevent
waste generation, and intelligent, sensor-based facilities for efficient waste separation and
collection [30]. Such a framework emphasises the link between waste management and the
entire product lifecycle, ultimately promoting waste reduction and enhanced recovery.

The advent of industry 4.0 technologies has introduced new possibilities for waste
management within smart cities. Simultaneously, the concept of a circular economy en-
courages the view of waste as a resource which, when integrated with technological
advancements, cultivates a culture of reusability and recycling [117]. This approach aligns
with the principles of a circular economy and assists in minimising waste production and
maximising waste recovery [118]. Systems such as the automatic machine learning-based
waste recycling framework (AMLWRF) and artificial neural network (ANN)-based systems
enhance waste classification and separation for recycling, signifying the potential impact of
machine learning on efficient waste management [108,112].

Special waste also has an important place in waste management. Electronic waste
(e-waste) presents a distinct challenge within the waste management landscape due to
the hazardous consequences of landfill disposal. Smart collection systems for household
e-waste, employing level measurement sensors, could improve the efficiency of e-waste
collection, thus enhancing urban sustainability [119,120]. Furthermore, certain waste types,
like hazardous waste and used vehicle tyres, require special attention. Utilising ICT and
IoT to manage these waste types can considerably mitigate their negative environmental
and social impacts [121,122]. Similarly, recycling methods for car tyres should be prioritised
and strengthened in the context of smart cities.

Waste management in smart cities extends beyond mere disposal. It encompasses
conservation, recycling, and utilisation. For example, the production of geopolymer con-
crete [123] from waste materials like fly ash (FA) offers dual benefits: recycling waste
and reducing raw material extraction, leading to reduced greenhouse gas emissions and
increased energy efficiency [124]. Such strategies can significantly impact urban quality
of life.

Digitising waste management systems can diminish the consumption of virgin mate-
rials and substantially reduce greenhouse gas emissions. These advantages highlight the
transformative potential of digitalisation in moving towards a circular economy [125]. Fu-
ture research should explore new technologies, business models, and policies to overcome
challenges and realise the full potential of smart waste management [4].

Simultaneously, illegal dumping is a common issue within urban areas. Cognitive
computing solutions are suggested to identify and alert authorities to any illegal rubbish
dumping within the city. A potential solution could involve the use of cameras installed
for traffic monitoring and surveillance to analyse pictures and videos and trigger an alarm
to the municipality if necessary [126].

Energy recovery from waste is another avenue for sustainability and the transition
towards a circular economy. Waste-to-energy (WTE) conversions are vital in waste disposal
and can lead to both economic and environmental benefits. They offer a dual advantage:
generating renewable energy and reducing landfill needs, thereby ensuring sustainable
waste management [127-129]. When paired with machine learning, this technique can
predict municipal solid waste quantities, enabling effective energy management [129].

However, despite these technological advancements, challenges persist. Key issues
include the lack of adequate infrastructure, limited public participation and environmental
awareness, technological gaps, and insufficient coordination among institutions [130]. The
importance of community engagement in waste management is emphasised by Saeidi
et al. [121], suggesting that simple, resource-friendly tools aimed at promoting household
waste collection can have substantial potential, especially in the absence of a top-down city-
level waste management policy. Frameworks like Living Labs and Al-driven systems con-
tribute to successful project execution, enhancing efficiency and health protection [131,132].
It is also important to implement and promote the concept of zero waste [133,134] and to
explore new ways to prevent excessive waste generation.



Resources 2023, 12, 115

16 of 25

The escalating generation of waste and its management pose serious challenges to
sustainability, especially in urban areas. By utilising emerging technologies and inven-
tive models, smart cities can transform these challenges into opportunities for boosting
energy efficiency and citizens’” quality of life [135]. The potential of smart cities in waste
management marks a crucial step towards a healthier, more sustainable urban future. This
represents a paradigm shift from traditional methods, accentuating the essential role of
technology in contemporary urban planning and public health strategy. Investment in
smart waste management systems is supported by research and public agreement [136],
underscoring this emerging field’s importance within the broader framework of urban
development and human well-being.

4.3. Transportation in Smart Waste Management System

In the drive towards developing sustainable smart cities, a vital element to consider
is the system of waste management, particularly the transportation aspect of this process.
Waste management in the modern era demands intricate interplay between waste collection,
transportation, and sustainable urban planning [116,137,138]. The role of transportation
in waste management within smart cities is entering a transformative phase, benefiting
significantly from the integration of innovative technologies like the IoT, ITS, and Al

The application of IoT in smart cities has been advocated as a potent solution to aug-
ment waste management systems, including waste transportation [116,137,139,140]. IoT’s
ability to provide real-time data about waste levels in containers helps in optimising collec-
tion routes and schedules, thereby enhancing efficiency [141,142]. This technology can also
assist in curbing waste collection costs, conserving energy, and minimising environmental
impacts associated with waste transportation.

Intelligent transportation systems, coupled with internet of things technologies, can
revolutionise waste collection services within smart cities [91]. The incorporation of surveil-
lance systems, RFIDs, sensors, cameras, and actuators into ITS significantly refines waste
collection practices [88,143-145]. This combination facilitates high-quality services for
citizens, enabling dynamic routing models driven by sensor data, and prioritising waste
collection in areas where immediate collection is vital due to health or environmental risks.

Utilising IoT and vehicle routing problem (VRP) concepts fosters a more efficient
waste management system [17,95,146,147]. Real-time monitoring of waste bin fill levels
through IoT devices leads to more effective collection routes. Moreover, easy access to
information on public waste bins via web or mobile applications for an informed citizenry
substantially contributes to optimised waste management [148].

Long-range wide area network technologies enable smart waste management solu-
tions, such as smart bins and drop-off containers equipped with sensors, to collect data
regarding their status [104,149-152]. This integration aids in designing dynamic waste
collection routes, decreasing operational costs, and curtailing environmental pollution.

Moreover, blending IoT technologies with GIS can revolutionise traditional methods,
primarily through constant real-time monitoring of waste levels and the development of
optimal routes for waste collection [115,148,153]. This integration considerably reduces
travel distance and costs, promoting energy efficiency and emission reduction [88]. Addi-
tionally, smart city waste collection targets can be optimised using algorithms for optimal
path planning, thereby minimising environmental and socioeconomic impacts [137].

A review of existing IoT-enabled solutions in smart city waste management reveals
strengths and weaknesses, such as sensing accuracy, security, and range capabilities [154].
Future improvements could incorporate a novel smart city management system (SCMS)
that blends IoT devices, ITS, and blockchain technology, enhancing both security and
efficiency [90].

The integration of these technologies into city waste management systems is not
merely vital but crucial in the global quest for sustainability and the creation of smart cities.
The combination of sensor technologies, intelligent routing, and alerting systems for illegal
dumping is paving the way for the sustainable deployment of these new technologies in
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real infrastructures. As nations grapple with unsustainable development and the increasing
volume of waste generated, the importance of optimising waste collection planning in
smart cities cannot be overstated. The transformation in waste management transportation
underscores the essential role of technology in realising the potential of smart cities and
emphasises the continuing need for innovative solutions.

The analyses undertaken have facilitated the identification of potential directions for

future research:

Technological advancement—industry 4.0, [oT, ITS, machine learning, and other tech-
nologies offer unprecedented opportunities for smart waste management. These
technologies are fostering efficient waste separation, collection, transportation, and
recycling, transforming waste into reusable resources. Further exploration is needed of
how different technologies can be better integrated to create a unified waste manage-
ment system. Research into cognitive computing solutions to address illegal dumping,
energy recovery from waste, and predictive analytics for waste generation and energy
management should be conducted.

Special waste challenges—e-waste, and specific waste types like hazardous waste
and used vehicle tyres, present unique challenges. Utilising emerging technologies
to manage these waste types can considerably mitigate their environmental and
social impacts, necessitating focused attention and strengthening recycling methods.
Research should focus on creating more efficient collection and recycling systems for
this specialised waste.

Digitisation and circular economy—the digitalisation of waste management systems is
vital for reducing the consumption of virgin materials and greenhouse gas emissions.
Investigations into the transformative potential of digitalisation in advancing towards
a circular economy should include the application of machine learning, IoT, and other
technologies.

Energy recovery and sustainable solutions—tresearch should continue on waste-to-
energy conversions, energy recovery from waste, and innovative solutions like geopoly-
mer concrete from waste materials, as they signify a major impact on urban sustain-
ability and energy efficiency.

Transportation in waste management—the intricate interplay between waste collection,
transportation, and sustainable urban planning is entering a transformative phase.
Technologies like IoT, VRP, LoRaWAN, GIS, and algorithms for optimal path planning
are revolutionising waste transportation, optimising collection routes, and minimising
environmental impacts. Exploration of the integration of technologies like IoT, ITS,
and blockchain to create more efficient, secure, and sustainable waste management
transportation systems is needed.

Community engagement and environmental awareness—despite promising advance-
ments, challenges remain, including public participation, environmental awareness,
technological gaps, and institutional coordination. Community engagement, sim-
ple tools, and frameworks like Living Labs and Al-driven systems can contribute to
success. Investigations into mechanisms to enhance community participation and
environmental awareness are necessary. Strategies that promote household waste
collection and simple, resource-friendly tools may offer substantial potential.

Policy development and standardisation—future research should focus on creating
universal standards and policy norms to facilitate the smooth implementation and in-
tegration of lIoT-enabled waste management systems. Research must also consider the
regulatory and policy landscape to ensure alignment with technological advancements
and to overcome institutional barriers.

Security and privacy considerations—future improvements in IoT-enabled solutions
should incorporate more robust security measures to protect data and the integrity
of the waste management system. Research could delve into creating robust security
measures to prevent any potential breaches in the increasingly interconnected waste
management systems.
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e Novel frameworks and business models—new frameworks and business models for
waste management in smart cities can be explored, harnessing the power of existing
and emerging technologies for a comprehensive, efficient, and sustainable waste
management system.

e  Waste prevention—as the global waste dilemma intensifies, it is vital that we explore
new avenues of research within the realms of waste prevention and the ‘zero waste’
paradigm. While current methodologies are significant, they may fall short in address-
ing the complexities presented by rapidly changing consumer behaviours. In tandem
with this, there is a growing need to delve into effective strategies for educating the
public, ensuring a comprehensive understanding and proactive involvement in waste
reduction initiatives.

e  Economic and environmental impact assessment—comprehensive analyses of the eco-
nomic feasibility and environmental impacts of technologies are necessary to evaluate
the actual benefits and identify areas for improvement. Further studies are needed
to understand the long-term environmental impacts of various waste management
strategies, including waste-to-energy conversions and recycling practices.

e  Global implications—the role of waste management in smart cities is pivotal not only
within the urban landscape but also in the broader context of global sustainability. The
insights drawn from this study offer a comprehensive perspective that can be adopted
and adapted by various urban centres worldwide, aligning with the broader goals of
sustainable development.

5. Conclusions

The study has mostly focused on identifying the current and future directions of
research relating to waste management issues in smart cities. The transformation of waste
management in smart cities entails a holistic approach that fuses technological advance-
ments with community engagement, sustainability, and resilience [104,125,149,155]. The
interplay of IoT devices, innovative methodologies, and human-centred strategies promises
a pathway towards smarter and more sustainable urban living, reflecting the essence of
socioeconomic development and citizen-centric governance. Continuous research is needed
to address current challenges and build on the strengths of existing systems, ensuring the
sustainability of our cities in an increasingly intricate world.

The application of modern technologies, notably the internet of things, machine
learning, mobile edge computing, blockchain technology, and LoRaWAN, has become
instrumental in revolutionising waste management in smart cities. These technologies
enable a comprehensive approach to waste management, allowing for innovative strategies
such as real-time monitoring, route optimisation, automated sorting and classification, and
the effective prediction of waste generation trends. IoT technologies have been pivotal in
creating a data-centric waste management system, offering actionable insights for efficient
collection and disposal. Machine learning algorithms, coupled with high-resolution image
processing, have facilitated the automation of waste identification and sorting, further
promoting recycling efforts and a move towards a circular economy. Simultaneously, the
application of geographic information systems and big data analytics has resulted in more
precise mapping and tracking of waste generation, identifying inefficiencies and potential
areas for improvement. The incorporation of blockchain has also contributed to increased
transparency, traceability, and security in waste management processes. However, these
innovations are not without challenges. Operational costs, a lack of standardisation and
policy norms, privacy concerns, and technical knowledge deficits are among the barriers
hindering the full utilisation of these technologies.

The multifaceted nature of waste management in smart cities demands a nuanced,
technologically-driven approach that respects both environmental considerations and the
quality of urban life. The current technological advancements and innovative strategies
present an optimistic pathway towards a more efficient, cost-effective, and sustainable
urban existence. Investment in research, technology, education, and policy development
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will be critical to fully realise these benefits, making waste management in smart cities
an essential and compelling area for ongoing exploration by scientists, policymakers, and
industry players alike. By focusing on the identified future research directions, a more
holistic and responsive waste management system can be cultivated, aligning with the
broader goals of sustainable development within smart cities.

The research conducted also has its limitations. The analysis of the systematic literature
review was confined to articles indexed in the Scopus and Web of Science databases.
While these are reputable sources, the exclusion of other relevant databases and grey
literature may have overlooked significant research contributions, thereby limiting the
comprehensiveness of the review. The research query was restricted to specific keywords
such as ‘smart city’, along with ‘waste’, ‘garbage’, ‘trash’, or ‘rubbish’. The choice of these
keywords might exclude studies that utilise different terminology or explore related aspects
of waste management in urban environments, thus potentially missing pertinent insights.
The study, focusing on smart cities, primarily concentrated on technological advancements
and the integration of modern methods, such as IoT, machine learning, and blockchain, in
waste management within smart cities. It may not have extensively explored traditional
and localised methods, potentially overlooking context-specific challenges and solutions.
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