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ABSTRACT A huge increase in the percentage of the world’s urban population poses resource management,
especially energy management challenges in smart cities. In this paper, the growing challenges of energy
management in smart cities have been explored and the significance of elimination of energy holes in
converge cast communication has been discussed. The impact of mitigation of energy holes on the network
lifetime and energy efficiency has been thoroughly covered. The particular focus of this work has been on
energy-efficient practices in two major key enablers of smart cities namely, the Internet of Things (IoT)
and Wireless Sensor Networks (WSNs). In addition, this paper presents a robust survey of state-of-the-art
energy-efficient routing and clustering methods in WSNs. A niche energy efficiency issue in WSNs routing
has been identified as energy holes and a detailed survey and evaluation of various techniques that mitigate
the formation of energy holes and achieve balanced energy-efficient routing has been covered.

INDEX TERMS Balanced load routing, energy holes, energy management, Internet of Things (IoT), many
to one communication, multi-hop communication, smart cities (SC), wireless sensor network (WSN).

I. INTRODUCTION
In the previous few decades, there has been a significant
rise in the world’s urban population. The percentage of the
world’s urban population has varied from 30% in the 1950s
to 54% in 2014 and is expected to reach 66% by 2050 [1].
In addition, services offered by the modern cities include
more information-oriented and collaborative city-systems
cantered on digital information sharing between several
services.

Due to the huge increase in urbanization, condense
big cities with huge populations introduce novel challenges
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for the authorities governing these cities. These challenges
include resource management, environmental issues, citizen
well-being and safety. The city infrastructures are expected
to deliver prosperous economies, enhanced lifestyle, friendly
business opportunities, optimum resource utilization and
least environmental damage in order to be viable at not only
local or national scale, but internationally [2]. This requires
new technologies and novel approaches such as wireless
sensors, smart devices, and systems, etc. to work in an inter-
connected and autonomous manner. Internet of Things (IoT)
provides a foundation for such modern smart cities with
inter-connected services and infrastructure. Such a smart city
infrastructure can optimize not only energy, traffic and other
city resources but can offer improvements in the health sector,
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academia, and public safety. This optimization of resources
can improve the quality of life at a huge scale in the smart
cities [3].

The IoT uses modern technologies such as devices
equipped with advanced sensors for data collection from
real environments, micro-controllers, transceivers with dig-
ital communication capabilities, and suitable protocol stacks
[4] for autonomous and improved service delivery in an urban
context i.e., smart city.

Due to the increasing applications of IoT in modern
interconnected smart cities, the number of IoT devices are
increasing day by day. According to Ericson’s forecasts, this
number will reach 5.5B by 2027 [5] whereas, the study
conducted by Farhan et. al suggest that IoT devices world-
wide will reach 24.1B by 2030 [6]. With a growing number
of devices, there are challenges of increased energy con-
sumption in the transmission and storage of this huge data.
International Data Corporation (IDC) forecasts that IoT con-
nected devices are anticipated to contribute 79.4 ZB towards
overall data in 2025 [7]. With the growing number of devices
and increasing demand for energy, the challenge of energy
consumption in smart cities and its enabling technologies
such as IoT and WSNs, needs to be investigated thoroughly.

FIGURE 1. Significance of energy hole mitigation on overall lifetime
increase of WSN assisted IoT in smart city.

Furthermore, multi-hop communication and hierarchical
routing are considered as energy efficient data gathering
approaches used by such devices. However, due to varying
amount of data and transmission distances of devices an
imbalance in energy consumption has been identified as a
significant challenge. As a result of this imbalance, the nodes
closer to the gateway are prone to early depletion of available
energy and form energy holes [8]. Due to this imbalance,
90% of the total initial energy is still unused when the net-
work lifetime is over [8]. Network stability is determined by
the duration between the death of first node and last node.
For better stability, this duration should be minimum [80].
Therefore, in this paper the significance of mitigation of

energy holes in the overall energy efficiency of Smart City
infrastructure has been explored.

Figure 1 explains the significance of mitigation of energy
holes in hierarchical routing on the overall energy efficiency
of smart city infrastructure. This can be achieved by main-
taining balanced energy consumption of devices deployed
at various levels and various locations within the networks.
As discussed, earlier removal of energy holes with balanced
energy consumption increases network lifetime and energy
efficiency of the hierarchical routing in WSN. The gain in
energy savings is multifold as multiple WSNs are expected to
operate collaboratively through IoT infrastructure to deliver
the underlying characteristics of smart city. Figure 1 demon-
strates how the removal of energy holes spreads the overall
gain in energy savings throughout the huge infrastructure as
smart city.

In this review paper fundamental characteristics and appli-
cations of smart cities are explored to identify the significance
of the area. It is considered that Internet of Things (IoT)
and Wireless Sensor Networks are fundamental enabling
technologies for smart cities. For this reason, the challenge
of energy consumption is thoroughly studied among these
fundamental enablers of smart city infrastructure. Finally, it is
uncovered that balanced energy consumption among battery
constrained wireless sensing devices is critical. Limitations
in the existing energy hole mitigation methods and open
challenges for future research have been identified.

A. MOTIVATION
This paper discusses energy-efficient approaches in WSN
assisted IoT that allow to achieve smart city characteris-
tics and applications. Smart city is a huge infrastructure
that encourages inclusion of modern technologies to offer
an improved quality of life for the citizens. With the con-
tinuous addition of innovative technologies and increasing
applications under the umbrella of smart cities, resource
management particularly energy management is one of the
major challenges. One of the most important drivers of such
applications is sensing technologies. Often sensing devices
are deployed wirelessly to obtain information about their
surrounding environment and to support collaborative ser-
vices. Internet of Things (IoT) andWireless Sensor Networks
(WSNs) due to flexible communication infrastructure and
effective data gathering capabilities are considered as fun-
damental enablers for such interconnected service delivery.
This study starts with surveying the significance of energy
management within smart city infrastructure including its
characteristics and applications. A focus on energy efficiency
in two major enabling technologies for smart cities i.e., IoT
and WSN has been maintained. It is identified that not only
energy efficiency but balanced energy consumption among
WSN assisted IoT devices is important to extend the net-
work lifetime and performance. Finally existing energy hole
mitigation techniques have been thoroughly explored and
evaluated in terms of limitations and open challenges. The
main goal is to ensure that the reader understands the impact
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FIGURE 2. Organization of the paper.

of removal of energy holes on the overall energy savings of
the smart city infrastructure.

B. CONTRIBUTION OF THIS SURVEY
In contrast to the surveys included in Table 1, this study
summarizes significant research on smart city infrastructure
including characteristics, applications and enabling technolo-
gies. Energy efficient approaches in two major enabling
technologies of smart cities i.e., Internet of Things (IoT)
and Wireless Sensor Networks (WSN) have been thor-
oughly reviewed. Finally, energy hole mitigation techniques
in hierarchical routing have been evaluated. Scalability and
adaptivity of existing techniques in varying contexts have
been considered as the main evaluation criteria.

The following contribution are claimed in this survey:

1. The main contribution of this study is to provide a
holistic view on significance of balanced energy opera-
tion of heterogeneous devices with varying capabilities
within a smart city infrastructure. It is identified in this
research that balanced energy consumption in addition
to energy efficiency increases network lifetime that
in turn enhances the reliability of services offered by
smart city. Interoperability and relationship of enabling
technologies i.e., IoT and WSN has been thoroughly
surveyed.

2. This survey presents a thorough review of significant
literature in smart city and energy efficient hierarchical
routing techniques within WSN assisted IoT to achieve
smart city characteristics. The review also covers the

relationship between smart city and its fundamental
enabling technologies.

3. This study presents an in-depth evaluation of existing
hierarchical routing techniques with balanced energy
consumption. Scalability and adaptivity of these tech-
niques are judged in terms of their suitability in appli-
cations with varying network characteristics. Review
demonstrates a comparison of existing techniques in
terms of their suitability of operation in networks with
different dimensionality i.e., 2D or 3D and geometric
shapes such as square, circle etc., with different types
of distribution of devices i.e., homogeneous and hetero-
geneous, with stationary and mobile devices, and with
single and multiple base stations.

4. The review provides compact classifications of energy
management in WSNs and presents taxonomy of
energy hole mitigation techniques. A thorough discus-
sion about advantages and limitations of each technique
has been added.

C. ORGANIZATION OF PAPER
The organization of the survey paper, as shown in Figure 2,
is as follows: The related work has been included in
section II. The surveymethodology is explained in section III.
Smart city attributes followed by smart city applications
are explained in sections IV and V. Section VI discusses
major enablers of smart city and in section VII Internet of
Things and its key enablers have been explored. Section VIII
elaborates energy management challenges inWireless Sensor
Networks. Section IX introduces classifications of existing
balanced energy routing methods in WSNs. Evaluation of
energy hole mitigation techniques has been presented in
section X. Finally, a conclusion has been added in section XI.

II. RELATED WORK
To the best of our knowledge, no other review covers the
significance of energy hole mitigation in relation to energy
efficiency in smart city and its major enablers i.e., Internet of
Things (IoT) and Wireless Sensor Networks (WSNs). How-
ever, there are surveys that are connected to different areas of
this work. Table 1 summarizes the aspects covered by existing
reviews in relation to this paper.

Hanke et al. [9] presented an overview of the state-of-
the-art with regards to sensing applications in smart cities.
Although this paper covered an analysis of the sensing
applications in smart cities and IoT, it did not include the
significance of mitigation of energy hole on the increase in
network lifetime. This survey was conducted in 2013 thus the
references included are outdated and do not cover the recent
research in the area.

Mohanty et al. [10] gave a literature summary to famil-
iarize researchers with the emerging concept of smart cities.
This review included discussion on smart city infrastructure,
applications and enabling technologies. It included discus-
sion about the impact of growth in urban population on
resources required to achieve the attributes of smart city.
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TABLE 1. Summary of the topical coverage in related surveys.

VOLUME 11, 2023 121343



T. Shafique et al.: Review of Energy Hole Mitigating Techniques

TABLE 1. (Continued.) Summary of the topical coverage in related surveys.

Mohanty et al. also did not cover the role of sensing tech-
nologies and IoT to acquire the desired characteristics of
smart city. This research also did not include the impact
of energy hole mitigation and the advantage of balanced
energy consumption on overall energy savings in smart city
infrastructure.

Xu et al. [11] reviewed clustering techniques in WSN
assisted IoT while keeping in view energy efficiency and
other quality of service (QoS) requirements. Though energy
efficient clustering is an important aspect to extend network
lifetime, the overall significance of network lifetime maxi-
mization on smart city and IoT was not considered. While
evaluating a clustering technique in terms of scalability, it is

important to consider its operation in networks with different
geometric shapes. Xu et al. did not consider these parameters
to evaluate the performance of energy efficient clustering
techniques.

An in-depth review of developments in WSNs including
their applications, design constraints and lifetime estima-
tion models has been provided by Yetgin et al. [12].
This survey covered energy efficient hierarchical routing
and included a limited discussion on energy hole prob-
lem. However, research included only covers homogeneous
devices deployed within 2D networks whereas this work
provides a thorough review of methods with varying network
parameters. Furthermore, Yetgin et al. did not demonstrate
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the significance of network lifetime maximization on IoT
enabled smart city. The focus of this review was on energy
efficient clustering while a brief importance was given to
balanced energy routing by mitigation of energy holes.

Sing et al. [13] categorized the energy management
schemes in WSNs but these schemes were limited to energy
provisioning-based techniques. On the contrary, in this work
techniques with efficient utilization of existing energy on
network devices has been considered. Sing et al. also did not
describe the relationship of energy savings through balanced
network operation on smart city.

Rachid Zagrouba and Amine Kardi conducted a survey on
energy efficient routing protocols for WSN assisted IoT [14].
The routing methods were classified based on latency, energy
efficiency, next hop selection method, network architecture
considered, initiator of communication, network topology,
protocol operation, delivery mode, path establishment and
application type. This review paid limited attention to dis-
cussing the role of routing and clustering for enhanced
network lifetime. The importance of energy efficient sensing
in relation to smart city has also been ignored.

Sing et al. [15] presented a literature summary of the emer-
gence of smart city concept by exploring research between
2011 and 2021. This survey covered research in smart city
with respect to architecture. The discussion on enabling tech-
nologies such as WSN assisted IoT is not as robust. The
focus was on the importance of security and data analytics
at each level of architecture as opposed to energy efficiency.
An in-depth analysis of communication methods and the
implications of imbalance in energy consumption was not
included.

The energy efficient operation of homogeneous and het-
erogeneous sensor networks has been surveyed by authors
in [16]. This survey exhibited the performance evaluation
of existing hierarchical routing protocols in WSN assisted
IoT while the concept of energy hole and balanced energy
consumption was ignored. The review included a very limited
discussion about the significance of increase in network life-
time on overall energy savings of the smart city infrastructure.

III. SURVEY METHODOLOGY
The survey covers energy challenges in trending research
topics i.e., smart city and WSN assisted IoT. A significant
literature has been explored and significance of the literature
has been measured according to the citations as well as
relevance of the existing literature. The process used in con-
ducting the survey is described in the following subsections.

A. RESEARCH QUESTIONS
The aim of this comprehensive survey is to provide an
overview of the energy management challenges with the
increasing applications of sensing technologies in smart city
and its fundamental enablers. The following research ques-
tions outline the overarching objective:

RQ1. Why is energy management in sensing applications
significant?

RQ2. What are characteristics and applications of smart
cities that require the use of sensing technologies?

RQ3. Which journals and forums have published signifi-
cant research on the role of sensing technologies to achieve
smart city attributes?

RQ4. How is smart city supported by Internet of Things
and Wireless Sensor Networks?

RQ5. Which Journals and forums have published research
on the role of WSNs and IoT to enable smart city to achieve
required attributes?

RQ6. How can the existing research on energy manage-
ment in WSNs be classified?

RQ7. Identify and evaluate the major techniques that
introduce balanced energy consumption among the network
devices?

RQ8. How can the existing energy hole mitigation tech-
niques be classified?

RQ9. Which Journals and forums have published research
on the balanced energy consumption techniques?

RQ10. What are the main network parameters that intro-
duce challenges of scalability, adaptivity and suitability of
different energy hole mitigation techniques in huge infras-
tructure such as smart city.

B. LITERATURE SOURCES AND SEARCH STRATEGIES
This survey considers literature survey from books, reports
by reputed agencies, transactions, journals, research maga-
zines and conferences proceedings. Based on the proposed
research topic keywords related to research questions have
been used in the first step to identify the relevant literature.
These keywords included ‘‘smart city’’, ‘‘sensing technolo-
gies/WSNs’’, ‘‘IoT’’, ‘‘energy holes/hierarchical routing’’,
and ‘‘network lifetime/energy efficient routing’’.

FIGURE 3. The number of papers between the years 1999 to 2023.

Furthermore, citations from papers identified through key-
word search were included while finding answers to the
research questions. Around 130 references were shortlisted
based on their citations and relevance to the research ques-
tions for the final review. The number of publications
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included over every three years period between 1999 to
2023 has been shown in Figure 3.

FIGURE 4. The percentage of resources from different databases.

Figure 4 shows the percentage distribution of resources
considered from major databases. Researchers interested in
this area can clearly focus databases such as IEEE Xplore,
and Elsevier. Category ‘‘others’’ includes books and reports
in addition to a few databases with low coverage of the topic
area.

A breakdown of the number of publications containing
each keyword used in this search has been demonstrated in
Figure 5. It can be seen that significant literature has been
covered across each keyword. Most papers considered have
coverage of multiple keywords.

FIGURE 5. The number of resources containing each keyword.

Figure 6 shows the overall frequency of each type of
resource consulted. The frequency has been calculated in
terms of the resource type after scrutinizing papers in the

duration from 1999 to 2023. It can be seen in Figure 6
that most resources considered were journal and conference
papers. To develop a clear and concise relationship between
the topics considered, books, thesis documents and reports
were used.

FIGURE 6. Frequency of each type of resource consulted.

IV. SMART CITY CHARACTERISTICS
In a smart city, to offer enhanced quality of life, the city’s
infrastructure must be structured on smart objectives of
smart governance, smart economy, smart mobility, smart
environment, smart people, and smart living, etc. [17], [18].
Figure 7 shows fundamental characteristics of a smart city
infrastructure.

FIGURE 7. Smart city characteristics [18].

In relation to the characteristics of Figure 7, the European
Parliament’s Directorate General of International Policies in
its study of 2014 on ‘‘mapping the smart cities in Europe’’
presents the working definition of smart city as: ‘‘city seeking
to address public issues via Information and Communication
Technology (ICT)-based solutions on the basis of a multi-
stakeholder, municipally based partnership’’ [18].

In order to achieve the above-mentioned characteristics of
the smart city in an energy efficient manner the associated
enabling technologies, applications and research challenges
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must be explored in detail. The next section contains an
overview of energy efficiency in enabling technologies and
applications to demonstrate the significance of the area.

V. SMART CITY APPLICATIONS
Smart city applications can be classified into seven broad
areas as shown in Figure 8.

FIGURE 8. Main application areas in smart city [9].

A. SMART SURVEILLANCE
Although conventional CCTV systems provide some level of
infrastructure for smart surveillance there has been valuable
research in advanced sensing capabilities, artificial intelli-
gence, and collaborative methods to improve surveillance and
prompt responses to the events of public safety. Conventional
surveillance systems do not have built-in intelligence and are
human operated however, modern sensing capabilities allow
to monitor people’s actions, issue triggering alerts for events
and quicker responses to the events.

Examples of such works include the use of infra-red videos
[19] and infra-red cameras for tracking and detecting pedes-
trians at night. A framework in [20] to perceive items held
by people, a crowd behavior monitoring algorithm in [21]
and semantic video surveillance of [22] are some additional
examples.

There have been numerous other works in advanced sens-
ing systems, connectivity, intelligence, and algorithms to
improve smart surveillance systems for public safety in
smart cities. There are challenges of complex infrastructures,
heterogeneous technology environments and resource man-
agement that put limitations on the integration of all these
advancements in smart city infrastructure.

B. SMART CITY AND UTILITY
Distribution of capital resources by the governments can
be broadly classified into electricity and water distribution
infrastructures. Both distribution networks have numerous
applications to achieve smart attributes of a modern intercon-
nected city:

1) WATER SUPPLY SYSTEM
Amongst the resources that make life possible not only in
the city but also in villages, an important resource is water.
Conventional water distribution systems consist of water
collection, water storage and distribution. These systems gen-
erally consist of a network of pipes, storage tanks, control
valves and several operating points. The limitations of such
systems are that they do not incorporate modern sensing
capabilities to detect fault locations, quality of water, prior
distribution zones and available resources. In addition, they
also lack intelligence and connectivity infrastructures to com-
municate the analysis of required sensing needs and available
resources between several ends.

Smart Water distribution requires advanced sensing and
communication capabilities to improve the quality of service.
Advanced sensors are deployed for continuous monitoring
in the pipeline [23] for prompted and exact fault analysis.
Sensors to detect vibration, pressure sound, and water flow
are used for this purpose [24]. A Wireless Sensor Network
has been deployed in [25] to monitor hydraulic, flow, acous-
tic data, and water quality. In addition to advanced sensing
technologies, [26] presents a survey of connectivity advance-
ments and IoT infrastructure for improved quality of service
in water distribution systems.

Although these recent advancements in the area provide
improved water distribution architectures for the smart cities,
they pose challenges of expensive architecture and increased
energy consumption.

2) ELECTRICITY DISTRIBUTION SYSTEMS
Electricity distribution systems are as important as water dis-
tribution systems and so is electricity an important resource.
Traditional distribution systems that distribute electricity
are recognized as least intelligent as they dictate unidirec-
tional flows from generating stations to consumers. However,
Smart Grid (SG) works as an automated distributed advanced
energy supply network by using bidirectional information
and electricity flow [27]. Smart Grid (SG) is a modern
electric system that uses two-way information to deliver the
tasks of electricity generation, transmission, and distribution
to the consumption level with the help of modern cyber-
secure methods, and advanced computational intelligence.
This allows the electric system to be deliverable to the pop-
ulation in a cleaner, safer, secure, reliable, resilient, and
sustainable fashion [27]. Such grids cover the service delivery
in its entirety from the generation of electricity to consumers
and different levels of substations [28].
Smart grid is a complete framework for electricity genera-

tion and distribution in an optimized and intelligent manner.
Various surveys on the smart grid have been completed in
[29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39],
[40], [41], and [42], that discuss comprehensively different
aspects and challenges in smart grid to meet the requirements
of the modern smart city model. These surveys and a lot of
others reflect the recent activity and vast applications and
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developments in smart grids to meet the requirements of
energy efficiency, data security, prompted demand responses
and coherent fault removal, etc. However, the challenges of
energy efficiency are still under debate and need revisiting
consistently with the new advancements in technology.

C. SMART BUILDINGS
Traditionally buildings were built based on the drawing,
structural, materials and other feasibility plans which were
limited to the initial planning. There was a lack of provision
for continuous developments in such plans as they were made
only at the start. In addition, the operational management
of buildings was carried out in a fashion where there was
lack of communication and connectivity between different
operations of the building.

A smart building not only integrates modern technologies
and connectivity features but also revisits several services in
a manner that structural health, optimum resource utilization
and comfortable living or service is provided to the peo-
ple. More precisely smart buildings term refers to buildings
equipped with advanced and integrated technology systems
to support building services. Such integrated building tech-
nology systems include automation systems, safety systems,
telecommunication systems, and different facility manage-
ment systems [43].

In this regard, many areas have been explored to intro-
duce and improve smart building systems within smart cities.
In [44] an architecture for green and sustainable smart build-
ings and associated challenges have been explored. In [45]
researchers present a recent survey on next generation smart
sensing technologies for improved structural health moni-
toring of smart buildings. Opportunities and challenges of
Heating Ventilation and Air Conditioning (HVAC) systems in
large scale buildings have been discussed in [46] to improve
smart behaviors in terms of resource utilization in smart
buildings. Most importantly, [47] discusses smart technolo-
gies for efficient and sustainable energy and other resources
utilization in smart buildings.

In the current context, only an overview of a few prominent
applications of smart buildings has been mentioned. These
horizons of smart city applications identify the importance of
resource utilization in the implementation of these services.

D. SMART HEALTHCARE
Due to the tremendous growth in population and the reason
that primary healthcare in the cities is not only projected for
citizens but also for the referred patients from the villages
and nearby cities, traditional healthcare services are unable
to accommodate everyone. Also, during extraordinary cir-
cumstances like recently due to globally declared pandemic,
present conventional and static health service capabilities
are insufficient. A dynamic, flexible, and stretchable health
service infrastructure is a need of time. Although advanced
infrastructures and state of the art medical technologies are
available today, expensive, and limited facilities make them

unapproachable for everyone [48]. To deal with such circum-
stances one of the main objectives for smart healthcare is to
make people self-health aware by educating them about med-
ical status and terminologies. COVID-19 self-testing kits are
a good example of such services. However, there is still a huge
need to transform the current health facility to a large-scale
flexible and stretchable manner so that such health service
crisis can be dealt with promptly. Such a Smart healthcare
provides users with an ability to self-tackle some emergency
situations [10]. In addition, Smart healthcare allows opti-
mum resource utilization by remote monitoring of patients
and reduces cost. Remote health monitoring is achievable
through emerging Wireless Body Area Networks and IoT
devices [49]. IoT is fundamentally based on advanced sen-
sor technologies while a sensor is used to recognize events
with its built-in analytical ability combined with a biological
element [50].

Smart healthcare is not only an advanced version of health-
care but a requirement for people’s awareness and control of
disease growth rates. With the increasing number of chronic
diseases, especially in developing countries, it is necessary to
use ICT for early discovery and stoppage. This also reduces
the overall expenditures on healthcare [51], [52], [53].

Research published in [54] discusses a comprehensive
survey of enabling technologies for smart healthcare and
considers IoT as the backbone for smart healthcare. These
enabling technologies and sensor infrastructures raise the
challenges of complexity, energy efficiency, privacy, and het-
erogeneous network structures, etc.

E. SMART SERVICES
Conventional law enforcement models are impractical and
inefficient in modern smart cities [9]. IBM in their smarter
planet initiative have proposed solutions to such law enforce-
ment issues. These solutions integrate investigations, geo-
graphic information systems (GIS) and intelligence analy-
sis [55]. Such solutions enable information sharing between
different agencies that results in an efficient, coherent, and
synchronized implementation of the law.

Fire-fighting is one more service that could result in
efficient facility with coordinated and connected services
infrastructure as in an IoT enabled smart city. Traditional
fire-fighting could be enhanced as discussed in [56]. TelosB
based wireless sensor networks are placed on fire-fighters
bodies. Each TelosB mote is equipped with sensors to mea-
sure temperature, carbon dioxide, hydrogen, and hydrocarbon
concentration. This enables fire-fighter to know their loca-
tions relative to other fire-fighters within the network using
Received Signal Strength Indicator (RSSI) based localization.
This also allows fire-fighters to compute escape paths.

There is huge potential in introducing more public ser-
vices using IoT and Smart city infrastructures. There are still
challenges for standardization and legislation in this regard.
A complete architecture can allow increased efficiency of
such services with improved service satisfaction.
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F. SMART TRANSPORTATION
Due to themassive rise in the number of vehicles on roadways
in recent years, there is a growing need for effective traffic
management for optimum traffic flow with reduced traffic
jams, especially at peak times. Conventionally, this was man-
aged with the help of traffic lights that either was controlled
on fixed time interval switching or human controlled. Start
and stop function in modern vehicles is a traffic adaptive
management system and can result in reduced fuel consump-
tion. Intersections are the critical points where such methods
would increase efficiency if appropriately managed. In this
situation, a method to estimate the number of cars approach-
ing an intersection could generate information for dynamic
switching intervals of traffic lights depending on traffic con-
ditions at different times. However, such a method must
be based on accurate data from real-time sensors in order
to make an intelligent estimation. Advanced sensing, IoT
and wireless technologies are key enablers for such systems.
Methods, where traffic lights and stop signs are completely
removed, have also been presented in [57]. In such methods
vehicles communicate with each other while approaching an
intersection to avoid collisions. In [57] coordinated time-slot
allocations have been used to avoid collisions at intersections.
Another method to manage this in a coordinated manner is
through the use of Radio Frequency IDentification (RFID)
wireless communication between the vehicles and traffic
signs [58]. Reference [59] presents a comprehensive sur-
vey on applications and technologies used for smart traffic
systems in a smart city context. Advanced sensing technolo-
gies are the backbone for smart traffic systems. The limited
energy resource and inefficient utilization of available energy
resources are very disadvantageous in smart cities.

This increase in application areas and technological
advancements in Information and Communication Tech-
nologies (ICTs) and their integration in modern smart city
infrastructures pose challenges on available resources. One
of the major challenges is energy consumption in these ICTs
and smart devices in order to achieve the smart characteristics
of a smart city. According to analysis in [60] if remarkable
improvements were not made in the electricity efficiency
of wireless access networks and fixed access networks only
Communication Technology (CT) could use as much as 51%
of global electricity by 2030. According to research, 75% of
the world’s capitals and energy is used by cities [10]. Accord-
ing to [61] if the urban expansion continues to grow at present
rate urban energy consumption which was observed 240 EJ
in 2005 will reach 730 EJ by 2050 which is threefold. This
limitation results in an imbalance of demand and available
resources, and then must be elaborated. Here we will discuss
fundamental enablers of a smart city so that this energy
consumption challenge can be broken down into different
areas.

VI. SMART CITY FUNDAMENTAL ENABLERS
Different architectures for smart cities have been pro-
posed based on foundational concepts of instrumented,

interconnected, and intelligent services [62]. To understand
the challenges of energy it is better to understand different
divisions of smart cities. In their report on China’s smart city
pilots’ authors in [63] conclude that most of China’s smart
cities are adopting four-layer architecture that consists of
sensing layer, processing layer and application layer. Internet
of Things (IoT) and cloud computing are key fundamen-
tal technologies that allow interconnected and coordinated
decisions between several services of such a smart city
infrastructure.

A. CLOUD COMPUTING
Cloud computing gives rise to virtual data centers with pro-
cessing and storage of data in a cost-efficient and timely
manner [64]. Such computing can allow quick data storage
and fetching for services to produce collaborative results
efficiently. Cloud computing offers huge peta-bytes of data
storage and processing capabilities with their unlimited
expansions. Cloud computing provides energy efficiency due
to reduced data transmission distances as in centralized com-
puting methods.

B. INTERNET OF THINGS
Figure 9 below shows that the smart characteristics of a
smart city rely on a robust and reliable network which not
only demands high speed, continuous connectivity and vast
coverage but also features such as mobility, the autonomy of
operation, collaborative decisions, etc. [17], [18]. Internet of
Things (IoT) is a revolutionary paradigm for such heteroge-
neous interconnection of ubiquitous computing devices.

FIGURE 9. Reliance of smart city characteristics on connectivity.

Internet of Things (IoT) is a huge infrastructure that works
as a backbone to achieve core objectives of a smart city. It is
very important to further elaborate energy consumption in
IoT and its enabling technologies to achieve the objective of
energy efficiency.

VII. INTERNET OF THINGS AND ITS KEY ENABLERS
Internet of Things is a radical evolution of the present internet
into a network of interconnected things that not only harvests
information from environment (sensing) but interacts with the
physical world [65], [66]. The Internet of Things is a state-
of-the-art technology that proffers to connect an excess of
digital devices equipped with several sensing, actuation, and
computing capabilities with the Internet [67]. This allows an
autonomous and improved service delivery in the context of
a smart city.
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Various forecasts have been made about the growing num-
ber of IoT devices. As mentioned above [5] this number is
predicted to be 4.1 B in 2024. In addition, it is forecasted by
International Data Corporation (IDC) that the data generated
by these devices will reach 79.4 ZB in 2025 [7].
This huge increase in the number of devices and associ-

ated data transmission introduces constraints in the energy
consumption of information and communication technology
(ICT) used for IoT proliferation in smart cities.

To consider the challenges in energy consumption of these
devices and data transmissions it is important to break down
IoT in its enabling technologies. Reference [68] provides
a very good survey of the enabling technologies for IoT.
In this survey, the authors divide the IoT infrastructure into
four layers and classify enabling technologies with respect
to the layer they function in. The four different layers as
shown in Figure 10 have been named as perception layer,
network layer, service layer and application layer. Enabling
technologies only work in the first three layers. The enabling
technologies and corresponding layers they perform in are
described below.

FIGURE 10. IoT enabling technologies explored.

The perception layer consists of sensing capabilities [4]
and its primary function is to recognize and track objects [68].
The network layer is known as the transmission layer [69]
and is used to govern routing and provides support for data
transmission functions [68]. The third layer which is located
between the network layer and application layer is the service
layer. The service layer provides services that can support
the application layer [4]. Finally, the application layer per-
forms a bridging function and receives data transmitted by
the network layer. This layer then uses this data to support
the required services or operations. For example, application
layer can provide the storage facility to maintain the backup
of received data or can provide analysis facility to perform
evaluation operations on the data acquired. Due to the enor-
mous transmission data as big as 79.4 ZB as a result of the
increased number of devices as mentioned in the previous
section, a significant energy resource is spent on data gather-
ing, transmission and storage. Efficient management of this

infrastructure and its key enablers at the perception layer is
very important. The main enabling technologies are Wireless
Sensor Networks (WSNs), Radio Frequency IDentification
(RFID), Barcode, 2-D Code, RFID sensor networks (RSNs)
in the perception layer as shown in Figure 10.

A. RADIO FREQUENCY IDENTIFICATION (RFID)
Radio Frequency IDentification (RFID) is a widely used
technology in IoT that uses radio signals over a short distance
[60] to identify and track objects. RFID system infrastructure
uses RFID tag on the object to be tracked, RFID reader and
antenna [70]. An RFID tag is a unique code that is put on
the object. RFID uses radio signals to read the code and the
signals are transmitted between the tag and reader using an
antenna.

B. BARCODE
Barcode, also called 1-D code consists of different width of
black lines separated by different widths of white spacing.
These lines are arranged with special coding [71]. A machine
is used to scan the bar-code and read the information in it with
the help of an infrared beam [72]. There are limited chances
of managing energy at this level.

C. 2-D CODE
2-D code saves information in the form of black and white
color pixels laid on a plane. Black color pixels represent a
binary ‘‘1’’ value and white color pixel represents a binary
‘‘0’’ value [73]. In comparison to bar-code, 2-D code is highly
reliable, has better robustness and gives high information
content etc. [74].

D. WIRELESS SENSOR NETWORKS (WSNs)
Wireless sensor networks are used for monitoring various
real-time variables in different IoT devices [73], [74], [75].
WSNs serve as a bridging function between the physical
world and cyber world [76]. Using WSN gives the advan-
tages of scalability, reliability, small size, and low cost as
compared to other technologies. But deploying small battery
nodes poses challenges of energy requirements and long-life
requirements. This will be discussed in detail later.

VIII. ENERGY MANAGEMENT IN WSNs
The wireless sensor network is a foundational technology
for IoT [77]. Increased energy consumption in IoT can be
dealt with using lightweight routing and data aggregation
protocol stack or limiting energy consumption in wireless
sensor networks itself [77].
A sensing node consumes power in sensing, processing,

storing and communication [78], where the most common
source of power for a sensor node is an electrical battery [79].
In a large-scale network of nodes likeWSN-Assisted IoTwith
dissimilar conditions such as surrounding environment, area
of the network, etc. battery-powered sensor nodes cannot be
suitably replaced or recharged [80].
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FIGURE 11. Taxonomy of energy management approaches in WSN.

Energy consumption in WSN is important to decide the
overall network lifetime. Network lifetime can be improved
by either increasing the electrical battery of individual sensor
nodes or by finding methods of efficiently using the available
electrical energy as shown in Figure 11. Besides conven-
tional methods of increasing electrical battery life, methods
of capturing ambient energy [81], [82], [83], [84] and wire-
less energy transference approaches have been developed
in [85] and [86] to increase energy provision at the sensor
node. However, ambient energy is not a reliable source [87]
and energy transference approaches introduce environmental
noise.

In this survey, we focus on efficient energy utilization
methods in wireless sensor networks for IoT. Among the
four energy consuming operations i.e., sensing, process-
ing, storing, transmission, and reception operations the most
dominant consumer of energy is the network node’s radio
operations [88], [89], [90].
Recent techniques to reduce energy consumption in radio

operations of a network node, in the context of IoT can
be broken into the following areas: transceiver circuit
design, transmission power control, use of lightweight pro-
tocols, opportunistic transmission schemes, cognitive radios,
and energy-efficient routing [91] as shown in Figure 11.
A detailed survey about all these techniques is beyond the
scope of this survey paper. However, a focus has been main-
tained on lifetime maximization routing schemes for WSN
assisted IoT that support smart cities.

Typically, wireless sensor networks contain hundreds or
thousands of sensor nodes in an IoT context. Besides sensing,
routing sensed data to a gateway is also a primary purpose
of these nodes. Energy efficiency in routing this data is

very important to increase the overall network lifetime of
WSN assisted IoT. Taxonomy in Figure 11 shows two major
classifications of WSN routing protocols: flat routing and
hierarchical routing protocols. In flat routing, each node plays
the same role as shown in Figure 12(a), but due to such
a large-scale deployment of nodes, routing is not energy
efficient [92].

A hierarchical routing protocol as shown in Figure 12(b),
defines structural hierarchies where lower layer nodes per-
form sensing tasks and higher layer nodes relay the aggre-
gated data from lower layer nodes. Such a hierarchical
deployment of nodes divides the network into clusters where
each cluster has a cluster head (CH) at a higher layer. Hierar-
chical routing gives advantages of scalability, longer lifetime,
low latency, and energy efficiency [92].

Due to multi-hop communication of clustered WSNs,
nodes closer to the sink suffer from increased load, result-
ing in unbalanced energy consumption across the network.
Higher layer nodes consume more energy as compared to
lower layer nodes and result in the early death of a node.
This, in addition to increased energy consumption, also intro-
duces the problem of energy holes. According to [8], 90%
of the total initial energy is still unused when the network
lifetime is over. A network is said to be stable if the time
duration between the death of the first node and last node is
minimum [80].

IX. BALANCED ENERGY ROUTING IN WSNs
Hierarchical routing has proven to be energy efficient as
compared to flat routing methods due to the separate roles
of different sensor nodes.
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FIGURE 12. Two popular routing topologies: (a) Flat routing topology and (b) Hierarchical routing topology [92].

One of the first and most significant hierarchical rout-
ing protocols is Low Energy Adaptive Clustering Protocol
(LEACH) [93]. The operation of LEACH is broken into
rounds where each round of operation constitutes a set-up
phase and a steady-state phase. In the set-up phase clusters
are organized and the steady-state phase contains data transfer
operations towards the base station. For each new selection of
a set of (CH) nodes, a new round starts. LEACH gives advan-
tages of energy efficiency in routing due to clustered nature
of nodes and balanced load distribution between the nodes
by rotation of (CH) role among nodes. However, since (CH)
selection is randomized, the probabilistic balanced operation
of nodes is not completely achieved. In LEACH base station
(BS) is fixed and nodes are homogeneous in terms of initial
energy which limits it to certain scenarios. It does not include
inter-cluster multi-hop communication that can enhance the
network lifetime.

To further reduce the energy consumption by computation
of (CH) selection LEACH Centralized (LEACH-C) an exten-
sion of LEACH was proposed by [94]. In this protocol the
centralized cluster formation by a (BS) is implemented. This
reduces energy consumption by energy-constrained sensor
nodes due to complex computations for cluster formation and
(CH) selection. In each round of operation, the number of
(CH)s in LEACH-C equals a pre-determined optimal value.
The advantage of LEACH-C is that the (BS) makes sure that a
node with less energy does not become a (CH). Its disadvan-
tage is that the (BS) decides on the global information from
the network and nodes farther from the (BS) are unable to
send their energy and location status to the (BS) in large-scale
networks.

Hybrid Energy-Efficient Distributed clustering (HEED)
[95] is a multi-hop clustering algorithm that limits the cluster
formation time to certain iterations and brings the distributed
decision opposite to LEACH-C. (CH)s are selected based
on local information about residual energy and intra cluster
communication costs. The advantage of HEED is that it is
not limited to homogeneous energy nodes and uses multi-hop
communication between (CH)s and (BS), but HEED gives the

disadvantage that it produces a larger number of (CH)s and
only considers a two-level hierarchy.

Cluster-Chain Mobile Agent Routing (CCMAR) [96]
focuses on data aggregation methods to improve the energy
consumption of WSNs. CCMAR seemingly improves energy
efficiency by embedding advantages of cluster-based and
chain-based strategies of LEACH [93] and Power efficient
Energy Gathering Sensor Information Systems PEGASIS
[97] respectively. Where CCMAR reduces the disadvantages
of overhead and latency in LEACH and PEGASIS respec-
tively, its mobile agent deployment for data aggregation from
(CH)s also introduces the challenges of fault tolerance, secu-
rity, and increased length of topology formation cycle.

Wireless Sensor Network Energy Hole Alleviating
(WSNEHA) algorithm [98] uses adaptive range adjustment
strategy to enhance network lifetime. It balances the energy
consumption of first radius nodes to the sink but does not
address the energy consumption of other regions. Energy
consumption is unbalanced in other regions ofWSNs and can
cause energy holes in other regions. To extend the WSNEHA
algorithm, authors in [99] proposed a Balanced Energy Con-
suming and Hole Alleviating (BECHA) algorithm which
levels the load distribution of the entire network. A fur-
ther improvement of BECHA is Energy Aware BECHA
(EA-BECHA) which was proposed later in [100], to reduce
the packet drop and further increase energy efficiency. These
efforts do not address end to end delay and are not adaptable
to a few scenarios with different kind of network such as
Under Water Sensor Networks with mobility and strip-based
networks with linearly extending network architecture.

Hierarchical routing has proven to be energy efficient as
compared to flat routing methods due to the separate roles of
different sensor nodes.

In strip-based WSNs, [101] presented an accurate-
distances-based transmission scheme to achieve balanced
load distribution but again the scheme is not adaptive for
other kinds of WSNs. Balanced Energy Adaptive Routing
(BEAR) [102] is another similar attempt that only focuses
on a typical kind of network and not others. Energy hole
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FIGURE 13. Taxonomy of energy hole mitigation techniques.

mitigation techniques for hierarchical routing in WSNs can
be classified into the following primary areas as shown in
Figure 13.

• Mobile Sink Deployment
• Variable Transmission Range Nodes
• Assisted Node Deployment
• Unequal Clustering

Details and techniques belonging to each class have been
explored further in the discussion below.

A. MOBILE SINK DEPLOYMENT
In a many-to-one communication architecture, the load for
relaying the data increases at nodes nearer to the sink. For this
reason, such communication produces imbalanced energy
consumption amongst the nodes. By using a mobile sink
this load can be diverted onto other areas with rich energy
nodes for a certain period. In such a network, where the sink
is constantly changing its position, routing with minimum
information loss becomes challenging. A mobile sink, with a
virtual grid infrastructure for this purpose, has been proposed
in [103]. Continuously tracking the location information of
the sink node introduces overheads and makes the overall
system inefficient in terms of energy consumption.

Deployment of mobile relay nodes considered in [104]
is a potential solution to such a problem in mobile sink
deployment. Although the routing protocol is less complex
and needs low processing, it introduces latency in the overall
network operation.

The primary disadvantage of mobile sink deployment is
latency and increased power consumption in moving the
mobile relay or sink nodes throughout the network.

B. VARIABLE TRANSMISSION RANGE
Energy consumption in the transceiver of network nodes
depends on transmission distance, number and sizes of the
data packets to be transmitted. Transmission power increases

with distance and vice versa, the Balanced Load Distribu-
tion (BLOAD) [105] scheme prolongs the stability period
and lifetime by dividing the data of each node into three
fractions: small, medium, and large. For even distribution
of these fractions of data, the transmission range of each
sensor node is calculated in a logical manner on the basis of
transmission distance and amount of data aggregated by the
corresponding node. One of the major disadvantages of this
scheme is that each node sends a fraction of data directly to
the sink, which might not be possible in a large-scale Internet
of Things infrastructure, where nodes are distributed very far
away from the sink node in many applications. Additionally,
BLOAD only addresses the problem of a specific type of
network i.e., Under Water Sensor Networks (UWSNs) and
does not address the feature of terrestrial and body area types
of WSNs.

The super links-based data drainage scheme [106], uses
nodes with extraordinary transmission link capabilities at
logically worked locations. This scheme brings the con-
cept of hybrid transmissions between direct and multi-hop
transmission.

C. ASSISTED NODE DEPLOYMENT
Recently the challenge of energy hole in many to one (con-
verge cast) communication of WSNs has been tackled by
assisted node deployment methods in a variety of ways [107],
[108], [109], [110], [111]. Assisted node deployment gives
an advantage in increasing the overall network lifetime by
balanced energy consumption. There are two main ways
through which assisted node deployment can balance the
energy consumption of the network as listed in Figure 13.
Firstly, by dividing the network area into suitable regions

and then deploying extra energy nodes (super nodes) in areas
where energy holes occur i.e., areas near to the sink. One
such attempt was made by authors in [108], where the overall
network area is divided into different coronas and super nodes
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are deployed by mathematical calculations for a balanced
operation of the network. This technique was more suitable
for circular sensor areas and networks with identical coronas.
Also, extra energy nodes are deployed which is not an effi-
cient utilization strategy.

Secondly, assisted node deployment can achieve a bal-
anced consumption if the density of homogeneous energy
nodes is increased in the area near the sink. Energy balanced
Node Deployment with Balanced Energy (END-BE) [110]
determines a function that calculates a number of nodes in
each successive corona by fixing initially the number of nodes
in the outer corona for the balanced operation of the network.
Further, it also proposes END-MLT for Maximum Lifetime.
This is done by rearranging appropriate sensor nodes in the
outer corona, to achieve energy balance. This denser node
deployment produces redundant data near the sink [107].
Similarly, [109] uses Archimedes spiral for distribution of
nodes in the coronas and increase of energy efficiency. These
methods give a balanced energy consumption but sometimes
control over deployment strategy is not achievable in holistic
environments.

In addition to the above assisted node deploymentmethods,
additional relay nodes can be deployed to assist cluster heads
(CH)s in their data relaying operations. One such work is
presented in [111] where relay nodes have been deployed
to reduce the load on (CH)s. The method balances energy
consumption but at the cost of high energy, and expensive
new nodes deployed.

D. UNEQUAL CLUSTERING
Unequal clustering algorithms are different from traditional
uniform clustering algorithms such as (LEACH) [93] in such
away that cluster sizes are different. By reducing the aggrega-
tion load, for (CH)s nearest to a sink node, allows the clusters
to save more energy for relaying the data. In this manner,
unequal clustering methods are attractive for balancing the
load in the overall network.

First, the Unequal Clustered based Routing (UCR) proto-
col was proposed in [112]. It consists of two parts: Energy
Efficient Unequal Clustering (EEUC) algorithm to manage
topology and greedy geographic and energy-aware rout-
ing protocol for inter-cluster communication. EEUC selects
(CH)s using local information in such a way that clusters
closer to the sink have smaller sizes. UCR enhances the
network lifetime by balancing the load, but it is not feasible
for heterogeneous sensor nodes with a multiple parameter
sensing environment. The cluster size is only dependent on
the distance between the (CH) and sink but a more detailed
analysis considering other factors like transmission power
could give better results. In Energy Balancing Unequal Clus-
tering Approach for Gradient-based routing (EBCAG) [113],
(CH) compresses data received from each member node by
a fixed aggregation coefficient. In EBCAG each node keeps
a gradient value that is worked in a manner that defines the
minimum hop count to the sink. Cluster sizes are computed

based on gradient value of the chosen (CH) and a ring-based
network model is constructed. Although cluster sizes account
for minimum total energy consumption and balanced load
distribution in the rings but the computation of the number of
rings is not thoroughly addressed. Including more parameters
like transmission power could better this computation, also
the determination of the optimal number of rings is very
important which is ignored. Constructing Optimal Clustering
Architecture (COCA) of [114] divides the sensor field into
equal-sized square units. Units closer to the sink should have
more clusters than the ones away. Based on minimum energy
consumption and balanced load distribution, an optimal num-
ber of units is worked out. COCA performs better than UCR,
but it is very complex and the division of the sensor field into
square units is not tractable.

For energy efficiency, it is convenient to use a single sink
for several types of sensor nodes deployed in the same area,
monitoring various kinds of parameters. Such a network is
an example of a heterogeneous sensor network and efficient
energy utilization of sensor nodes in such a network is even
more important as compared to homogeneous sensor net-
works. This factor of heterogeneity has been considered in
the Stable Election Protocol (SEP) [115] but it limits the
heterogeneity to only two types of nodes. The decision on
whether to be a (CH) or not is made by each kind of node
based on its election probability weighted by its initial energy
relative to other kinds of nodes. SEP only provides a two-level
heterogeneity and is also not suitable when heterogeneity
is caused by several types of data gatherings of different
nodes. SEP does not use unequal clustering as shown in
Table 2 which can provide further advantages for balanced
load distribution. Distributed Energy Efficient Clustering
(DEEC) [116] considers multi-level heterogeneous nodes and
(CH)s are selected by the probability based on the ratio
between the remaining energy of each node and the average
energy of the network. DEEC achieves a longer lifetime
than SEP and has several levels of heterogeneity but once
determined the node with high residual energy continues
to penalize it, which results in the early death of such a
node as shown in Table 2. DEEC also does not account for
unequal clustering which can minimize the overall advantage
that could have been achieved. Developed DEEC (DDEEC)
in [117] is considered that after a few rounds, advanced
nodes may contain the same residual energy as the normal
nodes, hence the election probability as (CH) is calculated
in a similar fashion if that is true. This reduces the con-
sistent penalty on the nodes with high residual energy, but
DDEEC only considers two levels of heterogeneity as shown
in Table 2, thus ignoring multilevel heterogeneity. Enhanced
DDEEC (EDDEEC) [118] enhances DDEEC to three levels
of heterogeneity but does not use multi-hop communication
between (CH)s. On the other hand, in [119] and [120], two
new protocols, LEACH-Energy Association (LEACH-EA)
and LEACH-Load Balancing (LEACH-EC), are proposed
to improve the energy consumption and thus extend the
network lifetime. These two protocols are then evaluated
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in homogeneous and heterogeneous environments and com-
pared to other protocols, namely LEACH, Threshold sensitive
Energy Efficient Sensor Network protocol (TEEN) and SEP.
The results obtained showed that these two approaches are
significantly better than these protocols in terms of energy
consumption and stability. To reduce sensor node energy
consumption, several researchers have focused on using
K-Means, particularly in large-scale networks. But this
research has not given much attention on the impact of
K-Means on network performance and quality of service
(QoS) metrics such as throughput, energy, latency, etc. [121]
applied the K-Means algorithm in the LEACH routing proto-
col before the CH election to minimize energy consumption.
This approach applied K-Means before CH selection and
studied the impacts of K-Means on several QoS criteria.
Applying K-Means prior to CH election divides the network
into K clusters where all nodes in each cluster are very close
to the centroid location, making the nodes closer to the CH.
As a result, LEACH-K reduced energy consumption and
latency, increased network stability time, network lifetime,
and throughput. Moreover, [122] proposed the LEACH-G-K
protocol to improve theQoS of hierarchical routing protocols.
Specifically, LEACH-G-K is based on the LEACH-K proto-
col. LEACH-G-K divides the area into equal-sized clusters
using the grid function. Subsequently, for each cluster, the
K-means algorithm is implemented to gather the nodes near
the centroid, where the cluster head is located. The simulation
results obtained show that LEACH-G-K can improve the
energy consumption and QoS criteria compared to LEACH,
TEEN, LEACH-K and MDC-maximum residual energy
protocols.

Then, [123] proposed a new hybrid protocol MDC-
LEACH-K, which is a combination of Low Energy Adaptive
Clustering Hierarchy-K-Means LEACH-K (approach) and
mobile data collector (MDC), to enhance the LEACH pro-
tocol. The goal of this protocol is to extend the lifetime
of the network and improve its QoS criteria. This proto-
col uses the K-Means clustering algorithm to reduce the
energy consumption during the CH election phase and to
improve the CH election. In addition, it uses an MDC as
an intermediary between the cluster leader and the BS to
further improve the QoS criteria of the WSN, minimize the
delay during the data collection, and improve the transmis-
sion phase of the LEACH protocol. This protocol provides
a significant energy gain of 296% of the residual energy
compared to the LEACH protocol, 237% compared to TEEN
and 257% compared to LEACH-K, and more than 100%
compared to LEACH, TEEN, LEACH-K and MDC Maxi-
mum residual energy LEACH in terms of latency. Therefore,
for a dynamic WSN, it is most important to sustain a smart
MDC to continue the propagation of data even with the
inevitable changes in the WSN topology. Given all the above
challenges, [66], [124] propose a novel intelligent MDC
based on the Traveling Salesman Problem (TSP) to determine
the optimal path traversed by the MDC in terms of energy

efficiency and latency. More specifically, the Mobile Data
Collectors-Traveling Salesman Problem-Low Energy Adap-
tive Clustering Hierarchy-K-Means (MDC-TSP-LEACH-K)
protocol uses the K-Means and Grid clustering algorithm to
reduce energy consumption during the CH election phase.
Furthermore, the MDC is used as an intermediary between
the CH and the BS to improve WSN QoS, reduce delays
during data collection and improve the transmission phase
of the LEACH, LEACH-K, LEACH-G-K, MDC-K, MDC-
LEACH-K protocols.

Unequal clustering presents a methodological solution to
the problem of unbalanced load distribution in hierarchical
routing contrary to assisted node deployment. Assisted node
deployment is based on the provision of additional energy in
the network that is why it is not attractive. Similarly, mobile
sink deployment offers balanced load distribution at the cost
of increased latency and increased energy. Unequal cluster-
ing is also advantageous over variable transmission power
nodes due to the provision for multi-hop communication
which saves further energy. Hence taxonomy expands major
unequal clustering methods.

X. EVALUATION OF EXISTING TECHNIQUES
Table 2 evaluates the existing energy hole mitigation tech-
niques in terms of the level of heterogeneity, unequal
clustering deployment, consistent penalty on nodes with high
residual energy, inter-cluster communication, network life-
time, stability, and data routing. The table highlights the
research gaps in existing balanced load distribution routing
methods for many to one communication in WSNs.

It can be seen that some network parameters remain similar
throughout all the methods. Such as deployment of nodes
is random in majority of methods other than MMS [125]
and SEHR [126]. As discussed earlier it should be noted
that deployment plays an important role in terms of network
lifetime and energy balance. Another evaluation criteria that
is consistent across all the methods is the number of cluster
heads. Although the number of cluster heads is different, but
every method fixes this number once the data transmission
phase initiates. Moreover, all the methods considered use
simulation as opposed to real world deployment. It is believed
that this is due to the ease of operation and cost associated
with real world deployment.

As explained earlier some methods produce energy effi-
ciency at the cost of a constant penalty to the high energy
nodes, e.g., COCA [114] and SEP [115] whereas the others do
not account for multi-hop inter-cluster communication, e.g.,
EBCAG, DEEC, DDEEC and EDDEEC. Unequal Clustering
can be an advantage for balanced load distribution among
the network nodes. However, only UCR, EBCAG, COCA,
WEMER and UCR-H take advantage of unequal clustering to
have balanced load distribution and efficient energy utiliza-
tion. UCR-H embeds unequal clustering and uses multi-hop
inter-cluster communication for multi-levels in many to one
communication which is advantageous in order to achieve
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maximum lifetime. However, it does not account for energy-
efficient and balanced load distribution routing in WSN with
any other area than rectangular.

A detailed discussion in terms of evaluation criteria used
in Table 2 has been presented below:

A. CLUSTERING
There are many parameters that are important in the design of
a hierarchical routing method. As discussed above the num-
ber of clusters and cluster heads is a very important parameter
while comparing different techniques. All the methods con-
sidered in this review have a fixed number of cluster heads.
However, due to the continuously updated residual energies
of devices a dynamic selection of number of cluster heads
can result in increased network lifetime. Another important
parameter in clustered networks is the size of each cluster.
The majority of the clustering methods use equal size clusters
but due to multi-hop inter cluster communication relaying
load is accumulated on cluster heads closer to base station.
To avoid this imbalance in load that results in generation
of energy holes, unequal size clusters have been proposed
in [112]. This parameter plays a significant role in reduc-
ing energy holes and increasing network lifetime. In this
review existing energy hole mitigation methods have been
evaluated and classified in terms of equal or unequal sized
clusters. It can be seen that [93], [94], [95], [96], [97], [98],
[99], [100], [105], [115], [116], [117], [118], [125], [126],
[127], [128], [129], [130], and [131] use equal clustering and
[66], [112], [113], [114], [121], [122], [123], [124], [132],
[133], [134] use unequal clustering whereas [119] proposes
two techniques LEACH-EA that uses unequal clustering and
LEACH-EC that uses equal clustering.

Furthermore, both direct and multi-hop communication
methods are used for inter-cluster communication. Where
direct communication between cluster heads and base station
may be suitable for balanced energy operation, multi-hop
inter-cluster communication is energy efficient and increases
the overall network lifetime. Table 2 shows that, [66], [93],
[94], [96], [97], [113], [114], [115], [116], [117], [118], [119],
[121], [122], [123], [124], [127], [131], and [134] use direct
communication between cluster heads and base station while
[95], [98], [99], [100], [105], [112], [125], [126], [128], [129],
[130], [132], and [133] use multi-hop inter cluster commu-
nication. This classification allows to determine trade-off
between balanced energy operation and energy efficient oper-
ation of the network.

B. DEPLOYMENT OF NODES
Deployment of devices or nodes in a network can have a
direct impact on the network performance in terms of energy.
Firstly, the deployment could be evaluated in terms of ini-
tial energies of the nodes deployed. Based on the initial
energies network can be characterized into two classes i.e.,
homogeneous, and heterogeneous network. LEACH [93],
LEACH-C [94], HEED [95], CMMAR [4], PEGASIS [97],

WSNEHA [98], BECHA [99], EA-BECHA [100], BLOAD
[105], UCR [112], EBCAG [113], COCA [114], WEMER
[134], MMS [125], MDC [127], SEHR [126], ERNS-
EEC [129], UDCH [135], ECUC [132], LEACH-EA
[119], LEACH-EC [119], LEACH-K [121], LEACH-G-K
[122], MDC-LEACH-K [123], MDC-K [66], MDC-TSP-
LEACH-K [66], [124] are among the methods that use
homogeneous energy network deployment. On the contrary a
heterogeneous energy network can further be classified based
on number of different levels considered for the initial ener-
gies of nodes. SEP [115], DDEEC [117], and GWO [128] use
two levels of initial energies for nodes whereas DEEC [116],
EDDEEC [118], UCR-H [133], ETASA and TEAR [136] use
multi-levels of heterogeneous energies for the network nodes.

Due to various levels of energy, it is also important to
distinguish methods that consistently penalize high energy
nodes by selecting them excessively for relaying operations.
Table 2 confirms that SEP [115], and DEEC [116] exploit
heterogeneity and use nodes with high initial energy as cluster
heads for longer times which result in the early death of
such nodes and reduces network lifetime. On the contrary,
DDEEC [117], EDDEEC [118] are among the methods that
constantly examine the residual energy distribution among
network nodes to assign cluster head roles.

Another important factor related to deployment that influ-
ences network performance in terms of energy is the type of
the sink node. As discussed above mobile sink deployment
has been used to prioritize the data aggregation from specific
regions of the network as well as to balance the relaying load
on cluster heads. The majority of the methods considered in
this review use stationary sink node except CMMAR [96],
MMS [125], and MDC [127] that use mobile sink node to
extend network lifetime. However, these methods increase
end to end delay.

Lastly, the number of sink nodes deployed can also play a
significant role in energy savings of the network. Although,
most of the methods consider a single sink node but HEED
[95] and MMS [125] are two techniques that use multiple
sink nodes. This divides the network into smaller regions and
allows energy efficient data gathering operations. However,
centralized data collections are timelier and more suitable for
collaborative operations in smart city.

C. SCALABILITY AND ADAPTIVITY
Energy hole mitigation techniques can also be evaluated
based on scalability and adaptivity. As discussed previously,
distance between network nodes and overall size of the node
play an important role in network performance. A technique
may balance the energy consumption of network in small
scale and not be suitable for large scale deployment. In this
review energy holemitigation techniques have also been eval-
uated in terms of consideration to scalability. Table 2 sum-
marizes that LEACH [93], LEACH-C [94], PEGASIS [97],
SEP [115], ERNS-EEC [129], UDCH [135], ECUC [132],
LEACH-EA [119], LEACH-EC [119], LEACH-K [121],
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LEACH-G-K [122], MDC-LEACH-K [123], MDC-K
[66], and MDC-TSP-LEACH-K [66], [124] demonstrate
scalability of the operation in different size networks whereas
the rest of the techniques are limited to specific network sizes
considered.

In addition to scalability, adaptivity of the routing method
to varying geometric shapes and multi-dimensional network
is also important due to varying requirements of IoT enabled
smart cities. A technique suitable for circular shape network
may not perform well if the shape of the network is slightly
changed. For this reason, the techniques have been catego-
rized with reference to the geometric shape and area of the
network considered. Techniques that perform well in square
shape networks consist of LEACH [93], LEACH-C [94],
HEED [95], CMMAR [96], SEP [115], DEEC [116], DDEEC
[117], EDDEEC [118], MMS [125], GWO [128], SEHR
[126], ERNS-EEC [129], UDCH [135], ETASA & TEAR
[136], LEACH-EA [119], LEACH-EC [119], LEACH-K
[121], LEACH-G-K [122], MDC-LEACH-K [123], MDC-K
[66], (MDC-TSP-LEACH-K [66], [124] whereas PEGASIS
[97], UCR [112], COCA [114], UCR-H [133], and MDC
[127] perform well in rectangular shape networks. Similarly,
WSNEHA [98], BECHA [99], EA-BECHA [100], BLOAD
[105], EBCAG [113], WEMER [134], ECUC [132] are the
techniques that perform well in circular shape networks.

Moreover, it is important to explore the performance of
these techniques in 3-dimensional deployment of nodes as
majority of applications of IoT enabled smart city are in
3 dimensions.

D. DATA TRAFFIC AND ROUTING
Although table 2 consists of hierarchical routing techniques
only a few of these include further details of the routing.
This has also been summarized in table 2 e.g., LEACH [93],
LEACH-C [94] use hierarchical routing with probability-
based selection of cluster heads. CMMAR [4], MDC [127],
MMS [125] and MDC-LEACH-K [123] use hierarchical
routing supported by mobile data collector. WSNEHA [98]
uses a routing table based on the data send table. In ERNS-
EEC [129], and MMS [125] relay nodes are used in addition
to cluster heads of hierarchical routing. COCA [114] and
TEAR [136] use energy aware hierarchical routing to enhance
network lifetime. GWO [128] uses improved shuffled frog
leaping algorithm to balance load on the cluster heads. This
algorithm works for both equal and unequal loads on sensor
nodes. EBCAG [113] is a Gradient-based Routing and sets
up a gradient value for each sensor according to the minimum
hop count towards sink. Finally, WEMER [134] uses a chain-
based routing similar to PEGASIS [97] in a sectoring-based
network division to increase network lifetime.

In terms of evaluation matrix, it is seen that first order radio
model is used with power control between free space and
multi path power levels. Additionally, transmission power
levels are considered for each technique majority of tech-
niques considered have adjustable transmission power levels

to communicate data in a hierarchical routing manner to the
base station.

Finally, the techniques have been evaluated on basis
of their throughput or packet delivery ratio as shown in
Table 2. Table 2 summarizes that in 500 rounds of operation
EA-BECHA [8] has a packet drop ratio of 35% less than
that of WSNEHA [98], SEHR [126] delivers between
16 × 104 to 18 × 104 packets during complete operation,
UDCH [135] receives 610,000 packets during 2000 rounds,
LEACH-K [28] delivers 30017 packets when K=10,
LEACH-G-K [122] delivers 15292 packets, MDC-
LEACH-K [123] delivers 27865 packets, MDC-K [66] deliv-
ers 18300 packets per round and MDC-TSP-LEACH-K [66],
[124] delivers 18910 packets per round.

E. NETWORK LIFETIME AND STABILITY
Network lifetime and stability are the primary criteria used
for evaluation of existing energy hole mitigation approaches
in this review. Table 2 draws a comparison between existing
techniques in terms of network lifetime based on several cri-
teria. Various criteria have been used to demonstrate network
lifetime and stability such as round of operation in which first
node dies (FND), and last node dies (LND) are two widely
used criteria for determining the network lifetime. The less
the difference between FND and LND the better the stability.
To remove energy holes stability is important but it should
not be achieved at the cost of decrease in overall network life-
time. Similarly, another criterion used to determine network
lifetime is the amount of data transmitted at the time when
first node dies, or last node dies as opposite to the round of
operation as different methods use different number of bits
for each transmission. Also, some techniques demonstrate
performance evaluationwith respect to the time duration from
the start of the network till the first or last node dies instead
of the number of rounds of operation.

It can be seen in table 2 that the operation time of
LEACH [1] till the first and last nodes dies is 8 and 3 times
longer respectively as compared to minimum-transmission-
energy routing protocol.When initial energy of homogeneous
nodes is chosen to be 0.5J, the network lifetime of LEACH on
FND and LND scales is 932 and 1312 rounds, respectively.
However, if the initial energy is set as 1J, LEACH gives
FND=1848 rounds and LND=2608 rounds.

In LEACH-C [94] authors measure the amount of data
packets delivered against number of alive nodes to illus-
trate the network lifetime. On this scale LEACH-C delivers
10 times more data even though operation time is less than
MTE. Homogeneous initial energy of network nodes is con-
sidered as 2J. LEACH-C delivers about 40% more data per
unit energy than LEACH. End to end delay time is calculated
based on total number of nodes, average number of hops to
the sink and time to traverse a single hop. It can be concluded
that more data in LEACH-C can be traversed in each amount
of time as compared to LEACH and MTE.

HEED [95] is hybrid between hierarchical and chain-based
routing methods and is suitable for large scale networks.

VOLUME 11, 2023 121357



T. Shafique et al.: Review of Energy Hole Mitigating Techniques

TABLE 2.AQ:5 Comparison of existing methods in literature for balanced energy routing.
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TABLE 2. (Continued.) Comparison of existing methods in literature for balanced energy routing.
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TABLE 2. (Continued.) Comparison of existing methods in literature for balanced energy routing.
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TABLE 2. (Continued.) Comparison of existing methods in literature for balanced energy routing.

With initial energy of 4.0J, for each node when performance
is evaluated in 2000m × 2000m network, HEED demon-
strates a network lifetime between 300 − 450 rounds on FND
scale.

Network lifetime of CMMAR [96] on FND scale is
400 rounds. It consumes 12.5% less energy as compared
to PEGASIS and 60% less energy than LEACH. CMMAR
delivers similar number of packets to LEACH and PEGASIS
in 4% and 70% shorter time respectively.

In PEGASIS [97] authors have performed a range of exper-
iments by randomly selecting initial energy of the nodes
between 0.5J to 1J and average results are used for evalu-
ation. There are two chain-based data transmission routing
algorithms used namely, closest neighbor and minimum total
energy algorithm. Minimum total energy algorithm achieves
15% to 30% more lifetime on FND scale as compared to
closest neighbor algorithm. For a network of 50 nodes the
energy consumption of minimum total energy algorithm with
linear chains is 10% of that of closest neighbor algorithm.

Whereas, for multiple chains the energy consumption of
minimum energy algorithm is 40% of the closest neighbor
algorithm. Due to the chain routing type, there is huge end-
to-end-delay in its operation.

WSNEHA [98] applies a routing table to balance load on
the network nodes out of the first radius in the network.
When the first radius is set to 60m, energy consumption with
WSNEHA applied is 78% less and lifetime is 361.9% more
in comparison to without WSNEHA applied.

Authors in [8] and [99] proposed BECHA and EA-BECHA
that extend WSNEHA to reduce the formation of energy
holes out of the first. In BECHA an optimal radius has been
calculated for WSNEHA to balance the energy consump-
tion of nodes and EA-BECHA enhances BECHA by adding
energy aware routing in addition to optimal radius. When
r = 10m, 0.9×104 bits of data are transmitted with an energy
consumption of 6mJ, and when r = 100m, 0.1× 104 bits are
transmitted with an energy consumption of 1mJ. EA-BECHA
consumes 25% less energy than WSNEHA. Moreover,

VOLUME 11, 2023 121361



T. Shafique et al.: Review of Energy Hole Mitigating Techniques

EA-BECHA maintains a packet drop ratio 35% less than
WSNEHA.

BLOAD [105] accounts for time interval instead of number
of rounds to exhibit the network lifetime. First Node Death
Time (FNDT) is 20s as compared to 5s and 10s in Nominal
Range Forwarding (NRF) and Homogeneous Balanced Rout-
ing (Homo-BR) respectively, when initial energy is set to 1J.
Similarly, All Node Death Time ANDT = 100s for BLOAD
in comparison to 90s in Homo-BR and NFR. However, when
initial energy of nodes is set heterogeneous, Hetero-BR has
5% better stability than Homo-BLOAD.

UCR [112] uses unequal clustering to balance energy
consumption among network nodes at the cost of increased
overall energy consumption. EBCAG [113] enhances the
network lifetime and stability further. Evaluation criteria for
network lifetime has been used as the death of 5% nodes.
With this criterion in a network of 400 nodes the stability is
35 rounds and becomes 24 rounds if the number of nodes
increase to 800. Overall energy consumption has not been
used as evaluation parameter in these methods, but stability
is the main aim.

COCA [114] is another unequal clustered routing method
and improves the network lifetime between 166% to 229%
as compared to UCR depending upon the size of the network
when initial energy of nodes is set to 2J.

SEP [115] exploits heterogeneity to increase stability of
the network and demonstrates 8% to 26% better stability
than LEACH depending upon the percentage of advanced
nodes used. Similarly, DEEC [116] increases the number of
heterogeneity levels and demonstrates 20% rise in network
lifetime as compared to LEACH. In DEEC first node dies in
969th round and last node dies in 5536th round of operation.

DDEEC [117] enhances the network lifetime further to
30% more than SEP and 15% more than DEEC so that
FND = 1355 rounds and LND = 5673 rounds. EDDEEC
[118] is another enhancement of DEEC that achieves
FND = 1717 rounds and LND = 8638 rounds when 20 nor-
mal nodes with initial energy Eo, 32 advanced nodes with
initial energy 2Eo and 48 super nodes containing initial
energy of 3.5Eo each are deployed.

In UCR-H [133], FND = 1500 rounds based on the node
density in network. This method is more useful for balancing
energy consumption in rectangular shape networks. WEMER
[134] uses homogeneous energy nodes and achieves FND =

572 rounds, HND = 1128 rounds and LND = 1478 rounds.
WEMER uses initial energies = 0.5J for all network nodes
and demonstrates an average energy cost of 0.042847J.

MMS [125] with initial energy of 0.25J per node optimizes
energy consumption 19% in terms of FND and HND scales
making FND = 409 rounds and HND = 482 rounds. Perfor-
mance evaluation also shows that after 200 rounds residual
energy of the complete network is 14.387J for MMS which
is more in comparison to that of LEACH (10.65J0), MOFCA
(11.2J) and OPT-LEACH (13.945J).

MDC [127] shows variations in network lifetime between
6000-7000 rounds when the first node dies and between

8000-9000 rounds when the last node dies when initial energy
of each node is set at 5J.

GWO [128] achieves FND = 800-900 rounds and HND =

900-1100 rounds depending upon the number of sensor nodes
in the network. Overall energy consumption is 250J less for
equal load and less than 230J for unequal load with 100 nodes
network.

When initial energies of 100 homogeneous nodes are set
to 0.5J each, SEHR [126] demonstrates FND = 597 in
comparison to 403 in Dynamic Routing (DR), which is an
improvement of 94 rounds. Similarly, SEHR achieves an
improvement of 251 rounds as compared to DR on LND
scale.

Network lifetime in ERNS-EEC [129] is measured in
terms of number of nodes alive after 5000 rounds. Although
the performance of this technique is not good on FND
scale, but energy consumption is very low. Only 120 out
of 1000 nodes are dead after 1000 rounds and 31 nodes
remain alive even after 5000 rounds. On LND scale the
network lifetime achieved by this technique is between
5000-6000 rounds.

Energy consumption in UDCH [135] is very low. As shown
in Table 2when the initial energies of homogeneous nodes are
set to 0.3J each, after 700th round when the overall residual
energy of network drops below half of the initial energy the
network is still free from holes. It produces results of network
lifetime on FND scale as good as 1220 rounds and LND as
1870 rounds.

ETASA & TEAR proposed in [136] set 0.5J as initial
energy of each node for performance evaluation. The perfor-
mance evaluation exhibits that after 1500th round the average
residual energy of ETASA ismore than 0.3J and that of TEAR
was close to 0.2J. The network lifetime on FND, HND and
LND scales is between 1000-1030 rounds, 2400-2500 rounds
and 3990-4030 rounds, respectively.

ECUC [132] is a scalable technique that illustrates consis-
tent gain in network lifetime over small scale (R = 50m) as
well as large scale (R = 200m) networks. Network lifetime
is 22% longer than OCCN and 32% longer than DBS when
network is spread over radius of 50m and 16% longer than
OCCN and 25% longer than DBS when network size is
200m. In terms of energy consumption ECUC achieves 30%
reduction in energy consumption as compared to OCCN and
28% reduction as compared to DBS.

In [119] two variations of LEACH i.e., equal clustering
LEACH-EC, and unequal clustering LEACH-EA have been
proposed. There is no improvement in stability of network
operation using LEACH-EC whereas, LEACH-EA expresses
50% and 74% improvement in overall energy consumption
as compared to SEP and LEACH, respectively. Moreover,
LEACH-EA confirms that overall network lifetime is 4200,
5000, and 5000 rounds when number of clusters is 3,5, and 7.

In [121] authors have proposed two variations of LEACH
i.e., LEACH-K that uses K-Means clustering in LEACH and
LEACH-EC-EA. LEACH-K shows an overall energy con-
sumption of 41.497J when K is set to 10 and achieves a
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stability equal to 1399 rounds which is very high. LEACH-
EC-EA enhances this work and gives a 300%, 20% and 82%
gain in network lifetime as compared to LEACH, TEEN, and
SEP, respectively. LEACH-EC-EA shows a network lifetime
of 1600 rounds as compared to LEACH.

For a network of 100 nodes with initial energy= 0.5J/node
LEACH-G-K [122] shows that even after 745 rounds 50% of
the energy is remaining in comparison to LEACH and TEEN
that consume 50% energy in 595th and 645th round respec-
tively. LEACH-G-K completes 4528 rounds of operation over
complete lifetime with stability measured as 352 rounds.

MDC-LEACH-K [123] uses a mobile data collector but
its stability period is as high as 2967 rounds. Performance
in terms of energy consumption is better as it maintains an
overall residual energy of 0.027J when LEACH, TEEN and
LEACH-K has 0J remaining.

MDC-K [66] shows a lifetime of 5505 rounds when
100 nodes with initial energy = 0.5J/node are deployed in
a 100m by 100m network. Stability period of MDC-K is
1992 rounds and energy dissipation is higher than that of
LEACH, TEEN, and LEACH-K.

MDC-TSP-LEACH-K [66], [124] uses a mobile data col-
lector by using travelling salesman routing algorithm and
provides stability period of 2000 rounds and network lifetime
of 7321 rounds. Its energy dissipation is better than LEACH,
LEACH-K, TEEN, LEACH-G-K and MDC-K.

F. SIMULATION TOOLS
Various simulation tools are used to evaluate the performance
of a wireless network. It is advantageous for a researcher
to have a knowledge of simulation tool that was originally
used to determine the performance of a specific technique.
For this reason, table 2 adds information about simulation
tools which were used during the original evaluation of each
technique. MATLAB has been seen as prominent tool that
is used for evaluation of majority of methods in comparison
to network simulator (NS-1 / NS-2 / NS-3) and OMNET++

that are rarely used. MATLAB is used due to its easiness
and availability of pre-programmed functions [124]. Further-
more, the mathematics of radio model is easy to be evaluated
in MATLAB.

XI. CONCLUSION
Due to increased urbanization trends and integration of mod-
ern ICTs in Smart Cities, supported by IoT and WSNs
there are huge challenges of increased energy consumption.
The challenge of energy consumption has been thoroughly
surveyed in Smart City and its enabling technologies, par-
ticularly in WSNs and IoT. It is determined that energy
efficient routing and clustering can play a significant part in
efficient energy utilization of such integrated infrastructures.
An outstanding challenge of energy holes that can be a major
contributor in this area has been the primary focus of this
work. The significance of removal of energy holes on the
overall scenario has been highlighted.

A summary of limitations in existing energy hole miti-
gation techniques has been presented that concludes recent
attempts to extend network lifetime and remove energy holes
for effective and longer operation of WSN-Assisted IoT
devices. Energy holes can be avoided by efficient deployment
of nodes, appropriate choice of number and size of (CH)s,
optimizing transmission power in relation to the distance of
the network nodes and by mobility management of nodes.
Due to the wide variety of applications of WSN-Assisted IoT
in Smart Cities, application specific methods are not suitable
for determining and defining a particular architecture for IoT.

Techniques that have been proposed to avoid energy holes
so far, have limitations in terms of scalability and adaptivity.
These techniques are designed for area or volume specific
applications, whereas Smart City is a huge infrastructure
and requires adaptability and scalability in terms of size
and geometric shape of the network. Moreover, most of
these methods only consider 2D networks and do not per-
form effectively in 3D. However, most real-life applications
are 3D.

A fixed proportion of (CH)s throughout the lifetime of net-
work nodes is another drawback. Modern cities are equipped
with a variety of flexible and emerging services. These ser-
vices perform bymaking collaborative decisions and generate
an intense amount of data. Transmission of this data requires
a standard yet flexible, adaptive, and successive routing and
clustering technique that can account for homogeneous as
well as heterogeneous operations. The standard energy effi-
cient routing is also expected to overcome the challenges of
stationery as well as mobile nodes.

For the standardization of future network protocols flexible
and modular approaches are required that may perform as
pieces of a jigsaw. In order to produce an effective frame-
work for IoT it is important to overcome energy management
challenge in a suitable fashion.
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