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ABSTRACT With urbanization, rising income and consumption, the production of waste increases. One of
the most important directions in the field of sustainable development is the design and implementation of
monitoring and management systems for waste collection and removal. Smart waste management (SWM)
involves for example collection and analytics of data from sensors on smart garbage bins (SGBs), man-
agement of waste trucks and urban infrastructure; planning and optimization of waste truck routes; etc.
The purpose of this paper is to provide a comprehensive overview of the existing research in the field of
systems, applications, and approaches vis-à-vis the collection and processing of solid waste in SWMsystems.
To achieve this objective, we performed a systematic literature review. This study consists of 173 primary
studies selected for analysis and data extraction from the 3,732 initially retrieved studies from 5 databases.
We 1) identified the main approaches and services that are applied in the city and SGB-level SWM systems,
2) listed sensors and actuators and analyzed their application in various types of SWM systems, 3) listed the
direct and indirect stakeholders of the SWM systems, 4) identified the types of data shared between the SWM
systems and stakeholders, and 5) identified the main promising directions and research gaps in the field of
SWM systems. Based on an analysis of the existing approaches, technologies, and services, we developed
recommendations for the implementation of city-level and SGB-level SWM systems.

INDEX TERMS Smart city, smart waste management, Internet of Things, smart garbage bin.

I. INTRODUCTION

According to one estimate,1 the world population is projected
to reach 9.9 billion by 2050, an increase of more than 25%
from the current 2020 population of 7.8 billion. With the
growth of the world’s population and the gradual relocation of
a large number of people to cities, the concept of smart cities
is becoming ever more relevant. A smart city is a concept that
entails integrating a range of information and communication
technologies, such as the Internet of Things (IoT), to manage
public space and city services in a sustainable manner.

Climate change and ensuing events, such as rising sea
levels, flooding from changing river flows, and increased risk

The associate editor coordinating the review of this manuscript and
approving it for publication was Alessandro Pozzebon.

12020 World Population Data Sheet Shows Older Populations Growing,
Total Fertility Rates Declining, www.prb.org/2020-world-population-data-
sheet/

of greenhouse heat islands [1], are major challenges for sus-
tainable development. Additionally, in accordance with [1],
demographic changes, as well as technological, economic,
social, and environmental challenges, should be identified
as factors that create significant constraints for cities. One
of the most important directions in the field of sustainable
development is the design and implementation of monitoring
and management systems for waste collection and removal.
With urbanization, rising income and consumption, the pro-
duction of waste increases. According to estimates [2], [3],
the amount of waste is expected to increase to 2.2 billion tons
by 2025 worldwide.

The effective organization of waste collection and process-
ing is a necessary service and a challenging task for any large
city. Therefore, smart waste management (SWM) can be seen
as an essential part of a smart city, and it requires a com-
plex multi-criteria approach [4]. SWM involves collection
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and analytics of data from sensors on smart garbage bins
(SGBs), garbage trucks and urban infrastructure; routes plan-
ning and optimization; information and decision support for
users (drivers, dispatchers, citizens); waste classification and
segregation; payments and benefits for citizens; monitoring
of the ecological situation. Currently, such a system will
most probably be based on IoT technology, forming an SWM
system consisting of a large number (potentially billions)
of smart devices that communicate with standard protocols,
have physical and virtual characteristics, are intelligent (arti-
ficial intelligence-based), and are capable of measuring, cal-
culating, transmitting, storing, and processing information.
The use of SWM systems, i.e. the utilization of information
and communication technology (ICT) in waste management,
will improve the energy efficiency and environmental safety
of solid-waste exports, improve citizens’ quality of life, and
reduce resource consumption [5].

The objective of this paper is to carry out a systematic
analysis of the published research in the field of systems,
applications, and approaches vis-à-vis the collection and pro-
cessing of solid waste in SWM systems. Thus, our study aims
to answer the following research questions (RQs):

1) Main RQ1: What approaches, methods and designs of
SWM systems exist in the literature?

• Sub-RQ1.1: What services, approaches, and tech-
nologies are used in the implementation of
city-level SWM systems?

• Sub-RQ1.2: What services, approaches, and tech-
nologies are used in the implementation of smart
garbage bins (SGBs) or SWM systems with
SGB-related services?

• Sub-RQ1.3: Who are the stakeholders in SWM
systems?

• Sub-RQ1.4: What kind of information is shared
between SWM systems and stakeholders in the
existing SWM systems?

2) Main RQ2: What are the identifiable research gaps in
the field of SWMsystems based on published research?

These RQs will be answered by performing a systematic
literature review on the topic. In total, 173 articles were
included as primary studies and were explored during the
review. To answer the RQs in detail, the following research
directions were identified and considered during the research:
1) city-level SWM systems, 2) SGBs and SWM systems with
SGB-related services, 3) stakeholders in SWM systems, and
4) information shared between SWM systems and stakehold-
ers. We define city-level SWM systems as SWM systems,
that operate on city-level. Such systems include the following
main services: information and decision support for various
stakeholders; route planning, optimization and scheduling;
payments and benefits for service consumers; environmental
services (analyze environmental parameters, minimize car-
bon emissions). We define SWM systems with SGB-related
services as SWM systems, that operate on SGB-level and
include services such as measurement of various parameters

using SGB sensors, responding to user actions using SGB
actuators, waste type identification and waste classification/
segregation.

The remainder of the paper is organized as follows.
Section 2 describes the related work on SWM systems.
Section 3 provides the research methodology we followed in
our literature review. Section 4 presents the results obtained
from this literature review, and in Section 5, we discuss and
analyze these results as well as give answers to our RQs.
Section 6 concludes the paper.

II. RELATED WORK
Several overviews of SWM systems and technologies have
been provided by the researchers.

Many studies are focused on city-level SWM systems
services, approaches, and technologies. For example, [4]
provides a structured overview and analysis city-level ser-
vices in SWM systems including concerns of architecture,
DSS, GIS, dynamic scheduling, dynamic routing, social con-
text and experimental data. When analyzing the systems
considered in the article, the following characteristics are
taken into account: physical infrastructure (SGB type and
location, pneumatic pipes, fleet of trucks, depots, dumps,
recycling, and processing), and software analytics (architec-
ture, DSS, geographic information system (GIS), dynamic
scheduling, dynamic routing, and social context). The focus
of this review is on the energy-efficiency of IoT. It aims to
present a wide range of models related to effective waste
management. Special attention is given to garbage disposal.
The authors see the need to define an efficient garbage
collection model using IoT, which will relate to the inclu-
sion of large-capacity garbage trucks as mobile warehouses,
as well as to develop a model that allows to optimize the
location of garbage bins for themaximum comfort of citizens.
[6] reviews systems engineering approaches in the devel-
opment of integrated solid-waste management for a smart
city. Three systems engineering approaches—namely GIS,
multi-criteria decision-making, and life-cycle analysis—to
solid-waste management systems were reviewed. Based on
the analysis authors concluded that systems should include
a holistic, comprehensive, and interdisciplinary framework
that combines technical, economic, and social components,
stakeholders, and time frames. The use of ICT in solid-waste
management increases the communication between different
elements of the system and provides data for decision support
and managerial activities. The authors in [7] provide a sys-
tematic review of ICTs and methods of operations research
adopted in SWM, the processes of solid-waste management
for which they were adopted, and which countries are inves-
tigating solutions for the management of solid waste in the
2010–2013 period. Devi provides a review of solid-waste
management models in [8]. Nine waste management models
are reviewed with the aim of finding out which existing
model could be applied exclusively to Indonesia’s transition-
ing villages through the lenses of sustainable urban planning
by reviewing 10 existing models. The conclusion from the
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study is that the solid-waste management model needs to
emphasize (1) the participation of local communities, (2) the
pattern of waste transport and the type of waste management
that does not require a large financial burden, and (3) the
management infrastructure that can be put in place and main-
tained by the community/local organizations. The authors
in [7] provide a systematic review of ICTs and methods of
operations research adopted in SWM, the processes of solid-
waste management for which they were adopted, and which
countries are investigating solutions for the management of
solid waste in the 2010–2013 period. As a result of the study,
the authors concluded that China stood out among the coun-
tries with the most diverse offerings, while Malaysia made
more contributions focusing on ICT integration and heuris-
tics. Among the types of operational methods, GIS was used
most often, usually in combination with other technologies.
The most common operations research methods from 2010 to
2013weremathematical optimizationmethods, multi-criteria
decision analysis, and heuristic methods. The authors also
point out the importance of the social aspect, which includes
research in the field of citizens’ environmental awareness and
the analysis of approaches to citizens’ waste management.
The authors note that there is a need for more research on the
implementation of operational technologies and ICT in the
field of recycling and reverse logistics, as well as studies to
support environmental regulations. The authors also note the
lack of historical data on garbage collection management.
This can lead to erroneous decision-making and inaccurate
planning and forecasting. The authors believe that business
intelligence tools and techniques, such as data mining and
multivariate analysis to transform raw data into meaningful
and useful information, could be a new way of learning
about ICT for decision-making related to waste management.
Devi provides a review of solid-waste management models
in [8]. Nine waste management models are reviewed with the
aim of finding out which existing model could be applied
exclusively to Indonesia’s transitioning villages through the
lenses of sustainable urban planning by reviewing 10 existing
models. The conclusion from the study is that the solid-waste
management model needs to emphasize (1) the participation
of local communities, (2) the pattern of waste transport and
the type of waste management that does not require a large
financial burden, and (3) the management infrastructure that
can be put in place and maintained by the community/local
organizations.

Another set of studies focus on SGB-level services,
approaches, and technologies approaches that include var-
ious sensors, actuators, other IoT and communication tech-
nologies. Soni and Kandasamy analyze the types of SGBs
in [9] by categorizing systems based on technology (sen-
sors and data transfer), microcontroller, cloud technologies,
GPS, and web technologies (web interface of SGB). They
analyze 18 different smart bin systems but, unfortunately,
report only the absence or presence of certain sensors and
technologies. The result of the analysis is that the authors
propose their own framework that considers the identified

needs and shortcomings of existing solutions in this area.
Reference [10] provides relatively detailed but unstructured
review of IoT-enabled waste technologies and practices in
spheres of 1) waste characterization, 2) waste quantification,
and 3) waste management. The shortcomings of the existing
waste management practices are highlighted, and a concep-
tual framework for a centralized waste management system is
proposed. Reference [4] provides a structured overview and
detailed analysis in the field of SWM systems with SGB-
related services in IoT-enabled smart cities. It studies combi-
nations of various sensors in SWM systems (capacity, weight,
temperature, humidity, chemical, pressure), actuators, cam-
eras, RFIDs, WSNs and GPS. Reference [11] describe and
analyze various smart waste monitoring, segregation, and
collection systems. The analysis of a total of 28 SWM sys-
tems is based on the technologies and sensors used. In [12],
Topaloglu et al. perform a comparison of Wi-Fi, Cellular, Li-
Fi, and drone-based systems for SWM purposes. The aim
of this study was to propose a type-2 fuzzy multiple criteria
methodologies for evaluating and ranking alternative waste
collection systems in a smart city environment. The analysis
showed that the drone and the visible light communication-
based collection systems are the most appropriate for the
study area. These technologies can be preferred and used in
the smart city environment, particularly in the solid-waste
collection context, and the rankings were almost robust to
weight changes. The methodology proposed in this study can
be applied to solid-waste collection problems in other cities
and regions. Chaudhari provides an overview of an IoT-based
waste collection management system for smart cities in [13].
A description of the functional, basic characteristics and
advantages of the systems under consideration is provided.
The result of the analysis is that the authors propose their
own SWM. The review does not contain any complaints or
shortcomings; there is no pivot table or other way to compare
systems with each other. One of the findings of the study
is that there is still insufficient discussion of the possibility
of using genetic algorithms as an optimization method for
waste collection. The authors of [11] describe and analyze
various smart waste monitoring, segregation, and collection
systems. The analysis of a total of 28 SWM systems is
based on the technologies and sensors used. As a result of
the study, the authors offer a schematic general design of
a smart garbage management system using the cloud and a
generalized description of the segregation scenario of trash
using embedded and GSM technology.

Stakeholders in SWM systems are practically not
explored in terms of finding all primary and secondary stake-
holders, the connections between them, their interests and
existing needs. Reference [10] briefly discusses the role of
citizens, government departments and private companies in
terms of data collected through various applications on smart-
phones. In [7] the authors indicate the importance of social
aspects, including research in the field of environmental
awareness and analyses of approaches to waste management
for citizens.
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FIGURE 1. SLR methodology.

None of the reviewed studies classifies and considers
the entire amount of information in the system shared
betweenstakeholders, IoT devices and other system compo-
nents. However, [10] briefly discusses data obtained using
mobile apps, various devices and embedded sensors carried
by citizens. The authors note that data is collected essentially
everywhere by different organizations, but the communica-
tion between different sources and integrated data cloud that
can be shared between different stakeholders is missing.

The existing studies have pointed out that solid-waste
management systems in smart cities consist of several lay-
ers: from the top managerial level to the detailed imple-
mentation of elements of the system. At the top level,
are described the roles of various stakeholders and waste
management in general. The lower levels provide solu-
tions to data collection and transfer from garbage bins,
as well as the use of this information for informed decision-
making. This paper aims to build a holistic picture of the
various solid-waste management systems presented in the
literature.

III. METHODOLOGY
We have chosen the systematic literature review (SLR) as the
method of reviewing and analyzing the existing SWM system

approaches presented in the literature. The SLR uses data
from previously published (primary) studies for the purpose
of research synthesis. Research synthesis is the collective
term for a family of methods for summarizing; integrating;
and, when possible, combining the findings of different stud-
ies on a topic or RQ. Such synthesis can also identify crucial
areas and questions that have not been adequately addressed
in past empirical research [14]. The purpose of an SLR is
to provide an exhaustive summary of the available literature
relevant to the RQs [14]. The SLR follows a formal protocol
that will be described in this section. The SLR used in this
study consists of the following stages (Fig. 1), as proposed
by Kitchenham [14]:

1) Identification of research

a) RQs for the literature review
b) Selection of the databases
c) Development of the search queries

2) Selection of primary studies based on the inclusion and
exclusion criteria

3) Data extraction process
4) Data synthesis

The selections made in each step are briefly described in the
following subsections.
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A. IDENTIFICATION OF THE RESEARCH
The SLR protocol uses the RQs that are presented in
Section 1. Thus, the objective of this paper is to find reports
on existing SWM systems and their characteristics and then
possible research gaps in SWM development. The literature
searches were carried out in five different databases (as pro-
posed by Kitchenham [14])—namely Institute of electrical
and electronics engineers (IEEE), Association for computing
machinery (ACM), Elsevier, Springer, and Web of Science
(WoS). These databases were selected because they represent
the main venues for technical papers, such as those focusing
on smart cities and SWM systems. The keywords used for
the searches were selected based on the study RQs, with an
emphasis on smart and sustainable cities, waste management
and technologies such as IoT. The following search queries
were used.

Search Query 1:
(‘‘IoT’’ OR ‘‘Internet of Things’’) AND (‘‘Waste’’ OR

‘‘Waste management’’ OR ‘‘Recycling’’) AND ((‘‘Smart’’ OR
‘‘Sustainable’’) AND (‘‘City’’ or ‘‘Cities’’)) AND (‘‘Applica-
tion’’ OR ‘‘System’’ OR ‘‘Architecture’’ OR ‘‘Design’’)

Search Query 2:
(‘‘IoT’’ OR ‘‘Internet of Things’’) AND (‘‘Waste’’ OR

‘‘Waste management’’ OR ‘‘Recycling’’) AND ((‘‘Smart’’ OR
‘‘Sustainable’’) AND (‘‘City’’ OR ‘‘Cities’’))

Search Query 1 represented the original objectives
of the study, but it was found to be too specific to some of
the databases. As such, Query 2 was developed to extend
the search. We used different variations of these two search
queries across different databases to improve the output of
our searches. In ACM and WoS – Search Query 1; in IEEE
– Search Query 2; in Elsevier – Search Query 2 + (‘‘Waste’’
OR ‘‘Waste management’’ OR ‘‘Recycling’’ OR ‘‘Garbage’’)
in title, keywords, or abstract + Subject area: Computer
Science; and in Springer – Search Query 2 with content type:
conference paper or article. The searches were limited to
papers published between 2014 and 2022. The searches were
run in April 2020, February 2021 and subsequently in April
2022, and a total of 3,732 articles were found based on these
search queries.

B. SELECTION OF PRIMARY STUDIES BASED ON THE
INCLUSION AND EXCLUSION CRITERIA
During the selection of papers to the analysis, we used the
traditional inclusion and exclusion criteria. We included a
paper if it described 1) an IoT-enabled waste management
system/application (or design/architecture) that is used or
could be used in smart cities, 2) SGB implementation, 3) an
SWM or SGB overview, 4) a description of technologies
and approaches to managing the removal of solid waste, or
5) a description of use cases and analysis of the results of the
implementation of such systems. We also had the following
commonly used set of exclusion criteria: 1) full text of the
paper is not available or we do not have access; 2) paper
is not written in English; 3) paper is only an abstract or in

poster form; 4) paper is a description of a workshop, etc.
(thus not a research article); and 5) paper is a duplicate
(paper found multiple times in different databases). Using the
inclusion criteria presented above, the papers were included
or excluded based on the full text. Out of 3,732 articles, 173
were selected for further data extraction (Table 1).

TABLE 1. Database searches and primary studies included in different
steps of the literature review.

C. DATA EXTRACTION PROCESS
A list of extracted data items was created based on the RQs.
The following data were extracted from the selected primary
studies: 1) general data (authors, title, publication year, digital
object identifier (DOI), uniform resource locator (URL), and
abstract), 2) specific data based on article type (see Table 2),
3) identified benefits and drawbacks, and 4) research gaps
and future needs identified in the paper. A Google form2 was
used to record the extracted data.

TABLE 2. Data extraction based on the type of article.

While extracting the data, we identified different types of
articles and the data collected from those (Table 2 ).

D. DATA SYNTHESIS
We performed thematic data analysis and narrative data syn-
thesis for the extracted data. Quantitative synthesis was used
for the ‘‘duration of the test’’ and ‘‘number of test partici-
pants’’ categories. To answer the RQs in a holistic manner,

2https://forms.gle/jFwQ5yGrxzTtaBnN6
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TABLE 3. Primary studies and their links with the research questions.
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TABLE 3. (Continued.) Primary studies and their links with the research questions.
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TABLE 3. (Continued.) Primary studies and their links with the research questions.
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TABLE 3. (Continued.) Primary studies and their links with the research questions.

73334 VOLUME 10, 2022



I. Sosunova, J. Porras: IoT-Enabled SWM Systems for Smart Cities: A Systematic Review

TABLE 3. (Continued.) Primary studies and their links with the research questions.
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TABLE 3. (Continued.) Primary studies and their links with the research questions.
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TABLE 3. (Continued.) Primary studies and their links with the research questions.
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TABLE 3. (Continued.) Primary studies and their links with the research questions.

the extracted data were categorized using thematic analy-
sis with the following categories: 1) city-level SWM sys-
tems, 2) SGB and SWM systems with SGB-related services,
3) stakeholders in SWM systems, and 4) information shared
between SWM systems and stakeholders. These categories
are our first outcome of the performed data synthesis. A mind
map that includes a holistic view of the topics in SWM
systems is presented in Figure 7. This mind map is further
used as a conceptual basis for compiling the pivot tables.
• To answer RQ1.1, we analyzed the data extracted and
made a pivot table reflecting the services and communi-
cation technologies for each of the considered city-level
SWM systems (Table 4). To analyze the changes in the
terminology used in the articles from 2014 to 2022,
we used KH Coder.3

• To answer RQ1.2, we made a pivot table presenting the
sensors (IoT technologies) and the communication tech-
nologies and services for each of the considered SGBs
and SWM systems with SGB-related services (Table 5).
We also used KH Coder to analyze the changes in termi-
nology from 2014 to 2022.

• To answer RQ1.3, we analyzed the stakeholders in each
of the considered SWM systems (Table 7). Based on the
analysis, we identified the direct stakeholders (directly
involved in the process of the delivery, removal, and
management of waste disposal) and indirect stakehold-
ers (indirectly involved in the process of waste collection
and removal) in the SWM systems.

3KH Coder is a free software used for quantitative content analysis or text
mining. It is also utilized for computational linguistics.

• To answer RQ1.4, we created, based on article anal-
yses (Tables 8 and 9), a summary diagram that
shows the information that is transmitted in the
SWM system between various stakeholders and system
components.

• To answer RQ2, we analyzed the research needs and
gaps identified in the articles.

IV. RESULTS
The number of selected primary studies for each year describ-
ing city-level SWM systems and SGBs or SWM systems with
SGB-related services is shown in Fig. 2. One can see that the
number of SGB-related articles increased until 2018 and then
started decreasing slightly. The number of city-level SWM
descriptions has remained at a rather constant level.

The titles and abstracts of the selected primary studies
were analyzed using KH Coder to find the general categories
covered in solid-waste management research. KH Coder ana-
lyzes the content of the titles or abstracts and forms clusters
of topics and their links (co-occurrence of the words) empha-
sized in the primary studies. The outcome of the analysis
based on the titles is presented in Fig. 3 and based on the
abstracts in Fig. 4. The titles of the primary studies (Fig. 3)
clearly emphasize the smart city and waste management
(red (04) and grey (09) clusters) and provide clusters for
different elements of the SWM systems (SGB in pink (08),
light-green (07) and orange (06); route planning in green
(01) and blue (05), and sensor solutions in yellow (02) and
purple (10)). The analysis based on abstracts (Fig. 4) reveals
similar (but different) clusters: smart city (red (04)), waste
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TABLE 4. City level SWM systems.

management (purple (03)), SGB (yellow (02)), route planning
(green (07)). We also found some new clusters in abstracts:
increasing waste production due to urban population growth
(dark-green (5)).

KH Coder was also used to analyze the trends in solid-
waste management system research on a yearly basis. The
outcome of the analysis was divided into trends in SWM
systems (Fig. 5) and trends in SGBs (Fig. 6). Figure 5 clearly
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TABLE 5. SGBs and SWM systems with SGB-related services.

73340 VOLUME 10, 2022



I. Sosunova, J. Porras: IoT-Enabled SWM Systems for Smart Cities: A Systematic Review

TABLE 6. Physical infrastructure of SWM systems.

shows the trends in city-level SWM research, from tech-
nical implementation issues (2014–2016) to more holistic
citywide waste management with emerging IoT technology.
The SGB and SWM systems with SGB-related services
research follow a similar path from node-based data and
approaches (2014–2016) to integration into citywide systems
with additional focus on people participation and environ-
mental aspects (2017–2022; Fig. 6).

To answer the RQs in a holistic manner, we divide the
results under the identified SWM categories into subsections
presented in Fig. 7.

A. CITY-LEVEL SWM SYSTEMS
A large set of primary studies emphasizes the system-level
elements and operation of SWM systemswith some low-level
details. We define city-level SWM systems as SWM systems,

that operate on city level and include such main services
as information and decision support for various stakehold-
ers; route planning, optimization and scheduling; payments
and benefits for service consumers; environmental services
(e.g. minimize carbon emissions). The collected data
concerning the services and operations are presented in
Table 4. Fig. 8 presents the categorization of the primary
studies.

The city-level primary studies on SWM systems were
divided into high-level descriptions and design- and
implementation-related studies. The primary studies with
high-level descriptions presented architectural and service
concepts for SWM systems. The set of city-level primary
studies on design and implementation presented more practi-
cally oriented studies on SWM systems. These studies were
further classified into several subcategories based on their
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TABLE 7. Stakeholders in SWM systems.
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TABLE 8. Data shared between SWM system and stakeholders by Source.

FIGURE 2. Number of selected primary studies for each year (2014–2022).

focus. Fig. 9 presents the categorization of data (in relation
to the SWM-level services) collected for both subcategories
of SWM system-level studies. The full data set is presented
in Table 4 and will be used for the analysis of the RQs in the
discussion section.

The first category of city-level services includes real-
time and historical data analyses and predictive analyses.

FIGURE 3. Title-based clusters of primary study topics.

Many authors suggest using real-time data analysis to opti-
mize route planning and dynamic driver scheduling, and in
customer support systems. Fewer authors also use statistics
(historical data) for the same purposes; some studies also
suggest making predictions based on this data (for example,
predicting road traffic or calculating route times).

Another category of services presented in primary research
is user support. In this category, we identified map-
based systems (location of waste collection points for ser-
vice consumers, routes for drivers), driver support systems
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TABLE 9. Data shared between SWM system and stakeholders.

FIGURE 4. Abstract-based clusters of primary study topics.

(for example, voice guidance when driving along a route),
information support for various stakeholders (schedules,
prices, garbage sorting manuals), services for services con-
sumers’ feedback (complaints and reviews).

Some articles suggest using payment and benefit sys-
tems. The idea of controlling the amount of garbage thrown
out on the basis of the blockchain is quite common. Another

FIGURE 5. Trends in SWM system research.

option, pay-as-you-throw systems, charges users based on
how much waste they submit. Reward systems can also be
used as an additional motivation for environmentally con-
scious citizens.

One of the most important and most frequently encoun-
tered in primary studies group of services is the optimization
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FIGURE 6. Trends in SGB research.

of the planning of waste collection operators. The main
direction in it is the routes planning and optimization based
on real-time data and statistics. Some studies alsomention the
importance of driver scheduling, which can be either static or
dynamic. The end goal can be financial (fuel savings, saving
drivers time), environmental aspects (minimizing harmful
emissions) or traffic aspects (reducing the number of garbage
trucks on the streets, minimize number of garbage trucks on
the streets during rush hours). Another aspect of the opti-
mization is the optimization of the garbage bins positioning
for more convenient garbage disposal and the convenience of
citizens.

Waste classification and segregation can be carried out
both at the SGB level (using sensors and actuators) and at the
city level. At the city level, this service includes information
support for citizens, as well as services for optimization of
the planning of waste collection operators.

The last group of services we have identified is envi-
ronmental services. In some primary studies, it is pro-
posed to measure various environmental parameters using
sensors (gas, air quality, temperature) installed on garbage
trucks, SGBs, urban infrastructure. Based on the analy-
sis of the data obtained, it is proposed to draw conclu-
sions about the environmental situation in the city. Another
common service is the minimization of carbon emissions.
This service is directly related to the routes planning and
optimization.

We also collected data concerning the various communi-
cation techniques used in (or proposed for) SWM systems,
as well as various services emphasized in the SWM sys-
tems. Communication techniques include very near proxim-
ity solutions (e.g., RFID, near field communication (NFC),
and Zigbee), mid-range technologies (e.g., Bluetooth and
Wi-Fi), and wide area networks (e.g., mobile networks and
fixed Internet solutions). The proposed services can be
divided into groups based on the purpose of the service.

In the analysis, we identified services related to data, user
support, waste collection planning, payments and bene-
fits related to waste, and general environmental monitoring
services

B. SWM SYSTEMS WITH SGB-RELATED SERVICES
The second-highest number of primary studies was related to
SGB implementation issues and SWM systems with SGB-
related services. We define SWM systems with SGB-related
services as SWM systems, that operate on SGB level and
include such main services as measure various parameters
using SGB sensors, responding to user actions using SGB
actuators, identification and classification on SGB level (for
example, waste type identification, person identification,
waste classification / segregation). We collected all the data
under this category, and present the collected data in Table 7.
Fig. 10 shows the thematic categorization of the SGB-related
papers under subcategories.

The SGB-related papers can be roughly divided into high-
level SWM systemswith SGB-related service (SWM systems
that involve the use of low-level elements (sensors, actua-
tors), but in the current implementation only emulate them or
synthesize sensor data), SWM systems with SGB-related ser-
vice design and implementation (SWM systems that include
both: city-level and SGB-level services), and SGB implemen-
tations. In each of these categories, we collected information
related to the proposed or used sensors and actuators, com-
munication technologies, and services. These are illustrated
in Fig. 11, and the collected data are presented in Table 5. For
a more detailed description of the use of various sensors and
actuators, see Section 5.B.

C. PHYSICAL INFRASTRUCTURE OF SWM SYSTEMS
Each SWM system consists of various physical elements.
We analyzed the primary studies to identify the physical
elements used to construct SWM systems. In addition to
the SGBs described in the previous subsection, the primary
studies described also trucks and various facilities (waste
plants, dumps, control stations, etc.). All of these physical
elements are important, as SWM is a process or pipeline from
consumers through SGBs to recycled products or landfills.
Fig. 12 and Table 6 present the primary studies emphasizing
different physical elements.

D. STAKEHOLDERS IN SWM SYSTEMS
Another important aspect related to SWM systems is their
stakeholders. Different physical elements and services related
to them are always tied to some stakeholders. This study
identified a set of primary and secondary stakeholders. Pri-
mary stakeholders are directly affected by the SWM system,
while secondary stakeholders are indirectly affected. The
primary stakeholders include the users of the SWM system
(both SGBs and services provided by SWM), operators of
the SWM system (e.g., waste truck drivers and waste col-
lection companies), and the public stakeholders governing
waste management in the given area. Secondary stakeholders
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FIGURE 7. Holistic view of the topics in SWM systems.

may include industries affected by waste management, public
organizations (e.g., health care), and other public services
(e.g., firefighters). A more detailed classification is presented
in Fig. 13 and in Table 7.

E. DATA SHARED BETWEEN SWM SYSTEM AND
STAKEHOLDERS
Another important information that we collected from the
selected primary studies is the data collected, transferred, and
used in the SWM system. SGBs have an important role in
data collection, though they are not the only data source;

for example, trucks and other elements of the SWM provide
data to the SWM system. The information transmitted in the
system can be sorted based on the objects to which it belongs
(e.g., SGBs and trucks) or based on the stakeholders involved
(e.g., authorities and citizens). We propose a classification
that considers both approaches. This is illustrated in Fig. 14.
The figure is divided into data production and data consump-
tion, and these parts are presented in detail in subsequent
figures (Fig. 15, 16).

The raw data on SWM systems come from various
sources (Fig. 15). For example, SGB-related data in the
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FIGURE 8. City-level SWM system types.

SWM system in our classification includes SGB sensor
data, SGB characteristics and other SGB data (a full anal-
ysis of these data is presented in Table 8). The other
data provided by the SWM system consist of data pro-
vided by the different elements (e.g., trucks, roads, or facil-
ities). The full analysis of the primary studies in terms
of the data provided by different entities is presented in
Table 9.

In addition to data collection and usage, it is important
to know who uses the data and what they are used for.
This represents the consumption side of the SWM data
and forms the basis for services within the SWM system.
In the end, the enabled services are the goal—not the data
as such. This was included in Table 9 and is summarized in
Fig. 16.

F. SWM SYSTEM IMPLEMENTATIONS
The primary studies were also analyzed in terms of the
implementation levels of the proposed systems. Some papers
present only the SWMconcept with no actual implementation
or tests, and some have implemented the system in simula-
tion environment or tested the solutions solely in a labora-
tory environment. Nevertheless, several primary studies have
involved running tests in real environments or have used real
pilots (see Tables 10 and 11). These studies are presented in
Tables 12 and 13.

The countries in which the tests in real environments
and pilot implementations were carried out are shown
in Fig. 17. This illustration shows that Asian countries
have been active in implementing real tests with SWM
systems.

V. DISCUSSION
The aim of this literature review was to study the systems,
applications, and approaches vis-à-vis the collection and pro-
cessing of solid waste in the reported SWM systems. The data
that were collected and analyzed for this extensive literature
review are summarized in Section 4. Next, we will present the
analysis and findings for each of the RQswe started with. The
main RQ—that is, RQ1, which focuses on the approaches,
methods, and designs of SWM systems—was divided into
a set of sub-questions that we studied to get an answer
to RQ1.

TABLE 10. City-level SWM system implementations in primary studies.

TABLE 11. SGB-level SWM system implementations in primary studies.

A. SUB-RQ1.1: WHAT SERVICES, APPROACHES, AND
TECHNOLOGIES ARE USED IN THE IMPLEMENTATION OF
CITY-LEVEL SWM SYSTEMS?
It became evident from the primary studies that the SWM
concept needed to be divided into city-level SWM system
descriptions and low-level element descriptions—especially
the SGB studies. Both levels use technologies to provide
different services. At the SWM level, various communi-
cation technologies, from very short-range technologies to
Internet-wide communication, are proposed for the transfer
of information. Apart from the communication with the local
elements of the SWM system, such as SGBs, the system-level
communication mainly utilizes Wi-Fi and mobile networks
for data transfer. The data are then used in the SWM system
to provide various services.

Most parts of the systems analyze real-time data (used
in most routing and optimization systems, business cases,
and basic SWM systems). The use of the analyzed his-
torical data is much less common. In many of the city-
level studies, the data are first analyzed, and then these
data (or part thereof) are provided through interfaces—for
example, the city dashboard—for various stakeholders. The
city dashboard could, for example, display the locations of
SGBs, information about SGBs (type of waste, fullness,
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FIGURE 9. Data collected from SWM system-level primary studies.

etc.), location of trucks, truck routes, and the location of
waste-processing facilities and dumps. The city dashboard
can also be used as a part of routing planning and optimization
system for drivers, information support systems for citizens,
and information support systems for dispatchers. In addition
to the city dashboard, SWM systems also provide information
support for various stakeholders: citizens, city administration,
waste department, drivers, dispatchers, waste disposal orga-
nizations, corresponding authorities, and emergency services
(see Section 4.E).

Both city administration and citizens are the primary tar-
gets of SWMservices.With the SWMsystem, the city admin-
istration (and other authorities) can have a big picture of waste
management activities and process efficiency in the city.
Detailed data on the process (SGBs, trucks, etc.) enable both
real-time decision support and planning, as well as monitor-
ing. Together with the waste department or company respon-
sible for thewaste collection, the city administrationmay plan
for reuse, circular economy, and remanufacturing solutions.
City administration may also follow the implementation and
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FIGURE 10. Categorization of SGB-related primary studies.

efficiency of the process. Citizens may both use the data in
the system and provide data to the system. In its simplest
form, the system may guide citizens to the nearest SGB or
just increase their awareness and knowledge. As such, the
system may change the behavior of citizens and encourage

them to engage in better waste management or even volunteer
activities. Citizens may also use open data to follow their own
activities or the activities of the other stakeholders. One of
the most important parts of this kind of SWM system is the
ability to participate in the activities (e.g., bymarking dummy
garbage bins into the system or by giving feedback and
reviews). The feedback could be about the quality of garbage
collection in a specific area, complaints about drivers not
following schedules, reports on breakdowns or overflowing
garbage bins, and so on. City administration could thus get
valuable feedback for the planning.

In most cases, the SWM systems aim to optimize the waste
collection processes by organizing timely garbage disposal
while minimizing costs (fuel and working hours of drivers)
and improving the environmental situation. The most com-
monly used services for this are route planning, optimization
and scheduling (static or dynamic). Some authors also offer
optimization of the location of SGBs, typically in combi-
nation with route optimization or planning. Door-to-door
garbage collection is used in several SWM systems with the
aim of improving urban ecology.

FIGURE 11. Data collected from SGB-related primary studies.
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FIGURE 12. Physical infrastructure of SWM systems.

As such, the proposed SWM systems can be roughly
divided into a) systems that improve internal processes and
b) systems that disseminate the information by providing
a holistic real-time view. A small number of studies pro-
pose economic and ecological features for the SWM system.
Economic features can be either incentive (e.g., rewards)
or punishment (e.g., payments) based. The monitoring of
citizens’ waste sorting and the calculation of payments in
many SWM systems can be based on blockchain technol-
ogy. Blockchain technology ensures the decentralization and
security of transactions owing to its use of cryptographic hash
functions and public key cryptographic systems. The pay-as-
you-throw usage-pricing model, by which users are charged
a rate based on amount of waste, is quite common in SWM
systems that calculate the personal cost of waste disposal.
Some systems use rewards for citizens who correctly sort
and separate garbage. The ecological aspects are linked to
waste segregation and the measurement of environmental
impact.

This study identified the following goals of city-level
SWM systems implementation: 1) timely garbage disposal,
2) optimization of the movement of garbage trucks, 3) min-
imization of costs (fuel and working hours of drivers),

4) improvement of the environmental situation in the city,
5) citizens’ increased awareness regarding the separate
collection of waste, 6) citizens’ increased motivation to
donate waste separately, and 7) the provision of information
to the city administration and various city services regarding
the process of waste collection. These goals can be fulfilled
as follows:
• To enable (1) timely garbage disposal, we recommend
the following services: route planning, notifications for
drivers, information support for drivers and dispatchers,
city dashboard, real-time data analytics, and route
optimization.

• To (2) optimize the movement of garbage trucks and
(3) minimize costs (fuel and working hours of drivers),
we recommend route planning, route optimization,
SGB positioning, real-time and historical data analytics,
notifications for drivers, information support for drivers
and dispatchers, city dashboard, data fusion, and predic-
tive analytics.

• To (4) improve the environmental situation in the
city, we recommend implementing the following ser-
vices: the minimization of carbon emissions and waste
classification/segregation and the measurement of
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FIGURE 13. Stakeholders involved in SWM systems.

FIGURE 14. Data production and consumption in SWM systems.

environmental parameters. Additionally, the recommen-
dations given in (2) optimization of the movement
of garbage trucks (5) citizens’ increased awareness
regarding the separate collection of waste and (6) cit-
izens’ increased motivation to donate waste separately
can be used to improve the environmental situation in
the city.

• To (5) increase the awareness of citizens regarding the
separate collection of waste, we recommend information
support for citizens; this includes access to the data
about the process of waste collection from the cloud
(I66, I11, I78, and W40), the location of the nearest
SGB/waste collection point (I8, W33, and W40), citi-
zens’ education in the field of SWM-based analysis of
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FIGURE 15. SWM systems raw data.

citizens’ behavioral choices with respect to SWM (E12),
citizens’ awareness regarding recycling, participation
through gamification (S47 and A9), decision support,
recommendations (S50), and a list of municipality noti-
fications (I85).

• To (6) increase the motivation of citizens to donate waste
separately, we recommend blockchain-based monitor-
ing and rewards for increasing citizens’ awareness

of the strategic role they play in preserving the
environment while ensuring personal and commu-
nity economic benefits according to the ‘‘pay-as-
you-throw’’ principle (E26); information support for
citizens, which includes access to data about the pro-
cess of waste collection from the cloud (I66, I11,
I78, and W40), finding the nearest SGB/waste col-
lection point (I8, W33, and W40), decision support,
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FIGURE 16. Use of the collected data.

FIGURE 17. Tests in a real environment and pilot implementations.

recommendations (S50), and recycle statistics with
rewarded credits (I85).

• To (7) inform the city administration and various city
services about the process of waste collection, we rec-
ommend information and decision support for city
administration, which includes access to data about the
process of waste collection from the cloud; the big pic-
ture, which includes SGBs and truck positioning, truck
routes, fuel, and time consumption (I66); decision sup-
port; recommendations (S50); assistance in delivering
an effective plan for the government and citizens for

garbage management (I11); and verification of the work
done by the municipal operator (E8).

B. SUB-RQ1.2: WHAT SERVICES, APPROACHES AND
TECHNOLOGIES ARE USED IN THE IMPLEMENTATION OF
SGB AND SWM SYSTEMS WITH SGB-RELATED SERVICES?
The SGB level of SWM systems focuses on actual imple-
mentations of SGBs. Like the city-level SWM systems, the
SGB level utilizes communication technologies from very
short-range communication to Internet-wide technologies.
Asmost of the communication is related to the sensors and the
transmission of their measurements, short-range technologies
(e.g., Bluetooth and Zigbee) are mostly emphasized.

The primary studies present a wide variety of sensors and
actuators, as well as services based on the data provided
by them. The majority of the primary studies propose the
use of a fill-level sensor (usually ultrasonic sensor; in some
papers, optical proximity sensor or infrared sensor). The
fill-level sensor, together with the SGB positioning service,
enables the commonly used cost-optimizing garbage collec-
tion service through route planning and optimization. In some
studies, weight and temperature sensors provide extra
information for waste collection management. In addition,
several papers propose the use of RFID/NFC readers or Quick
response (QR) codes for different identification (SGB, waste
type, and individuals) purposes. For person detection, passive
infrared (PIR) sensors and infrared (IR) sensors are typi-
cally used. Waste type identification can also be performed
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TABLE 12. City-level SWM system implementations in primary studies.

using temperature sensors, gas and air quality sensors, metal
sensors, moisture sensors, rain sensors, and cameras (image,
video, and barcode recognition); it can also be based on SGB
identification. The waste classification/segregation service
typically uses the same sensors and the following actua-
tors: DC motors, servomotors, conveyor belts, and robotic
arms. Gas sensors can be installed both inside the SGB for
measuring the gases and outside the SGB for city pollution
monitoring. Generally, the following gases can be measured
inside the SGB: carbon monoxide (CO), carbon dioxide
(CO2), methane (CH4), and ammonia (NH3). Additionally,
some SWM systems measure air quality and hazardous gas:
nitrogen oxide (NOx), hydrogen sulfide (H2S), sulfur dioxide
(SO2), and ammonia (NH3). Alarm signals service can be
based on lid sensor, smoke and fire sensor data.

Although Table 5 shows a wide variety of sensors, most of
them remain minor details in the studies. Service-wise, the
sensors mainly enable monitoring, identification, and classi-
fication services. Monitoring is mainly based on the above-
mentioned sensors and provides the fill-level and location of
the SGB. Some studies propose the use of cameras to monitor

either the bin contents or the near vicinity of the SGB. The
identification service (based on RFID or other) provides some
additional information about waste type (due to SGB type
or identifiers in waste bags) or the users of the SGB. This
information can be linked to SWM system-level services.

The following goals of SGB-level SWM systems imple-
mentation were identified: 1) waste sorting and segregation,
2) timely garbage disposal, 3) the prevention of damage and
unauthorized access to SGB, and 4) the improvement of the
environmental situation in the city. The goals can be fulfilled
as follows:
• Waste sorting and segregation (1) can be based on SBG
identification (RFID/NFC card or QR code) or waste
type identification (using a temperature sensor, gas and
air quality sensors, a metal sensor, a moisture sensor, and
a rain sensor).Waste segregation can be performed using
a DC motor or servomotor.

• For (2) timely garbage disposal fill-level (typically ultra-
sonic) sensors, GPS sensors are required to provide
the necessary data for the city-level route planning and
optimization service.
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TABLE 13. SGB level SWM system implementations in primary studies.

• To (3) prevent damage and unauthorized access to SGB,
the following are recommended: person identification
service, lid actuator, alarm signals, and fire and smoke
sensors.

• To (4) improve the environmental situation in the city,
the following sensors and services are recommended:
gas and air quality sensors, existence of harmful materi-
als and gas services, andwaste classification/segregation
service.

C. SUB-RQ1.3: WHO ARE THE STAKEHOLDERS IN THE
SWM SYSTEM?
In this literature review, we studied the proposed SWM sys-
tems presented in the selected primary studies and, in addition
to technological features, identified the different stakehold-
ers of such a system. The results presented in Section 4.D
show that there are two distinct categories of stakeholders
at the SWM system level—namely, primary and secondary
stakeholders. The primary stakeholders are directly linked
with the SWM system, as they use, operate, or organize
waste-related activities. Many SWM systems in the primary
studies emphasize operation efficiency and open information
dissemination as their main services, and as such, the most
frequently referenced stakeholders are citizens, authorities,
waste collection companies, and drivers (there are small

differences in how these stakeholders have been referred to
in the primary studies). The secondary stakeholders are
indirectly affected by the SWM system. These were much
less emphasized in the selected primary studies. Studies
mainly emphasized public organizations, such as police or
fire departments; waste-related industries, such as the food
or recycling domain; or addressed the impacts of waste, such
as environmental or health issues.

In considering the SWM systems in a smart city environ-
ment, understanding the stakeholders is of utmost importance
for the implementation of the system. This links directly to the
information we need to collect and disseminate in our system
(see Section 5.D), as well as to the services that are enabled
by the system.

D. SUB-RQ1.4: WHAT KIND OF INFORMATION IS SHARED
BETWEEN SWM SYSTEMS AND STAKEHOLDERS IN
EXISTING SWM SYSTEMS?
SWM systems are built to provide various services for stake-
holders and to achieve the intended impacts. In addition to the
physical infrastructure (e.g., SGBs and trucks), the SWM sys-
tem needs to consider what information needs to be collected,
transferred, and used in the system to provide the intended
services. It is clear from the selected primary studies that
the provided information should be divided into two layers:
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raw data at the SGB level and processed information at the
SWM system level. The raw data at the SGB level consist
of various SGB sensor data (for example, waste weight and
CO emissions), SGB characteristics (for example, capacity
and type), user data (for example, location, time of waste
dumping, and user behavior), truck sensor data (for exam-
ple, speed, location, and waste level), truck characteristics
(for example, max. capacity and truck type), region data
(for example, number of SGBs and trucks), waste data (for
example, waste type and costs), and other related data (see
Fig. 15). These data will then be analyzed by algorithms
for SWM system-level services, such as route planning and
optimization, environmental impact estimation, or decision
support. Another layer of data is information received from
stakeholders and provided to stakeholders by the system (see
Fig. 16).

E. MAIN RQ2: WHAT ARE THE IDENTIFIABLE RESEARCH
GAPS IN THE FIELD OF SWM SYSTEMS BASED ON
PUBLISHED RESEARCH?
The main RQs of this study focused on existing knowledge
on SWM systems and possible gaps within the study in this
domain. Subsections 5.A–5.D covered the various aspects of
reported SWM systems in the selected set of primary studies,
and based on this, we conclude that even though there is a
good amount and broad coverage of SWM-related research,
there exists several research gaps.

• Some research gaps in city-level SWM systems and
SGB-level SWM systems were already mentioned in
sections 5.A and 5.B. We single out 4 main areas. First,
optimization of the garbage collection process, reduc-
tion of labor and resource costs, increase in efficiency
and comfort of citizens. This requires the implementa-
tion and testing of route optimization services, analysis
of statistical and real-time data. There are many theoret-
ical works on this topic, but there are few pilot projects
with a detailed analysis of the results of the implementa-
tion of such systems. Second important research gap is
improvement of the ecological situation in the city. This
requires the services of optimization and planning of
routes (reduction of harmful emissions), measurement
and assessment of air quality, as well as the development
and implementation of environmentally friendly meth-
ods of storage, processing and disposal of waste. The
third challenge us increasing environmental awareness
and motivation of the citizens. Citizens engagement and
motivation can be achieved through increased environ-
mental awareness, reward-based motivation, or social
motivation. To increase citizens’ ecological awareness,
it is necessary to provide citizens with information about
existing environmental problems, ways to solve them,
and explain the importance and significance of the per-
sonal contribution of each. Last challenge is informing
city authorities: providing big picture, informing about
existing problems and needs, forecasting.

• In addition to citizens and city authorities listed above,
in Section 4.D (Fig. 13) we have presented a set of
primary and secondary stakeholders. The primary stake-
holders have been considered in the primary studies
quite broadly, but the design activities of SWM systems
could benefit from a more holistic view that links infor-
mation, services, stakeholders, and possible impacts.
This would help in designing systems that would change
the impacts of SWM systems.

• We have a similar idea about the set of data transmitted
between various components of the SWM system and
stakeholders. The research on SWM systems would def-
initely benefit from a holistic data / information model.
Even the syntax of the information could be defined so
that different secondary systems could benefit from the
collected and analyzed data.

The main weakness of the current studies (and thus also a
gap) is that none of them aims to propose a general holistic
view at any level of operation. Almost half of the primary
studies focus on SGB implementations without any common
line.We believe that the results presented in Section 4 provide
a good starting point for generating such a general approach
at the SGB level. The same applies to SWM system-level
research. In the presence of a large number of studies describ-
ing individual aspects of the design, development, implemen-
tation of SWM systems in various locations to solve various
problems, there is no general description that would unite all
the accumulated results. Such an approach could combine a
large number of theoretical and practical results, and based
on it, it would be possible to develop an automated decision
support system, based on that city authorities will be able to
implement, develop, improve the waste management system
in the city based on current tasks, taking into account the char-
acteristics of the city. Another important stakeholder is citi-
zens, who, using the decision support system, will be able to
receive recommendations on how to solve local problems (for
example, untimely garbage collection, too frequent garbage
collection, unauthorized garbage dump near their home),
as well as receive the necessary information and raise their
environmental awareness (for example, how to sort waste
properly). The limitations of the proposed system are related
to the lack of a sufficient number of real-life test results
analysis and pilot projects (Tables 12 and 13). For example,
most algorithms for optimizing the routes of garbage trucks
have only been tested using computer simulations. The main
challenges for the creation of the proposed DSS will be the
study of practical developments in the field of SWM. Our
results on SWM stakeholders, information, and services can
be used as a basis for the creation of a general system-level
approach and the standardization of information syntax and
semantics.

F. THREATS TO VALIDITY
For the evaluation of the validity of the study, we report
on construct, internal, and external validity, as well as
reliability [15].
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Construct validity aims to ensure that theoretical con-
structs are interpreted and measured correctly [15]. In this
study, the SLR guidelines by Kitchenham [14] were fol-
lowed as closely as possible to ensure the construct validity
of the literature review. The first author planned and exe-
cuted the processes, while the second author supervised and
ensured proper use of themethodology and, as such, construct
validity.
Internal validity focuses on the study design, particularly

whether the results follow from the data [15]. Literature
reviews will always have some limitations in terms of internal
validity, as search queries, the selection of primary studies,
and data collection will reflect some personal flavors. The
validity of the search queries was ensured by conducting test
searches to find the proper keywords. Tools such as NAILS,4

LDA analysis (within NAILS), and KH Coder5 were used
for the test searches to ensure proper coverage. Still, the
validity of the search query is rather subjective and, as such,
introduces some limitations regarding internal validity. The
selection of the primary studies may be another limitation
of the internal validity, as the inclusion and exclusion of
primary studies based on titles, abstracts, and contents happen
in phases and always contain some subjective flavor. The
data collection is the third possible threat to internal validity,
as the data collected based on the RQs always reflect some
subjective perception. Both the primary study selection and
data collection limitations were decreased by peer supervi-
sion. The authors did their part of the work, and each author
checked the decisions or compared them to his or her own
results.
External validity focuses on whether claims for the

generality of the results are justified [15]. In this study,
we collected the results from a set of primary studies and
presented them in various tables. As such, the tables present
the data as they are in the primary studies (with the limita-
tions presented in internal validity), but the conclusions and
summaries from these data are based on the perceptions of
the researchers, and as such, they are subject to researcher
bias. Nevertheless, we have aimed to analyze the results at
a high enough level (without unnecessary details) to enable
the generalizability of the results. We have also presented
research needs and gaps that can be emphasized in subsequent
studies.
Reliability focuses on whether the study would yield the

same results if other researchers replicated it [15]. Liter-
ature reviews are always subject to researcher bias based
on the RQ set. This study follows the guidelines given by
Kitchenham [14] and presents queries and refinements so
that other researchers can repeat the study. The inclusion and
exclusion of primary studies, as well as data collection, even
with the given criteria, are the hardest to replicate. We pro-
vide our data set openly in Zenodo so that other researchers

4Network Analysis Interface for Literature Studies, nailsproject.net.
5KH Coder is a free software for quantitative content analysis or text

mining, khcoder.net.

may use it as a basis for their own studies, replications,
or extensions.

VI. CONCLUSION
In this paper, we conducted a systematic analysis of the
published research in the field of systems, applications, and
approaches vis-à-vis SWM systems. This study resulted in
173 primary studies selected for analysis and data extrac-
tion from the 3,732 articles that were initially retrieved. The
following research directions were considered during the
research: 1) city-level SWM systems, 2) SGBs and SWMsys-
tems with SGB-related services, 3) stakeholders in SWM sys-
tems, and 4) information shared between SWM systems and
stakeholders. Additionally, we studied the physical infras-
tructure of SWMsystems and SWMsystem implementations.
The collected and analyzed data of this extensive literature
review are summarized in Section 4.

We learned from the analysis that effective organization of
waste collection and processing can be considered at different
levels: high (city) level and low (SGB) level. In most cases,
the city-level SWM systems aim to optimize waste collection
processes by organizing timely garbage disposal while mini-
mizing costs (fuel and working hours of drivers) and improv-
ing the environmental situation. As such, the proposed SWM
systems can be roughly divided into a) systems that improve
internal processes and b) systems that disseminate the infor-
mation by providing a holistic real-time view.A small number
of studies propose economic and ecological features for the
SWM system. The economic features can be either incen-
tives (e.g., rewards) or punishments (e.g., payments) based.
The ecological aspects are linked to waste segregation and
measuring environmental impact. The SGB level of SWM
systems focuses on various implementations of SGBs and
SWM systems with SGB-related services. The primary stud-
ies present a wide variety of sensors and actuators, as well as
services, based on the data provided by the sensors.

We also identified research gaps in the field of SWM
systems based on our analysis of the literature. We single out
the following areas: 1) optimization of the garbage collection
process, reduction of labor and resource costs, increase in
efficiency and comfort of citizens; 2) improvement of the
ecological situation in the city; 3) increasing environmental
awareness and motivation of the citizens; 4) informing city
authorities: providing big picture, informing about existing
problems and needs, forecasting. The main weakness of the
current studies (and thus also a gap) is that none of them
aims to propose a general holistic view at any level of oper-
ation. Our results on SWM stakeholders, information, and
services can be used as a basis for the creation of a general
system-level approach and the standardization of information
syntax and semantics.
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