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Abstract

The rapid growth of Internet of Things (IoT) devices has intensified the demand for wireless networking, presenting
challenges related to energy consumption and environmental sustainability. This paper investigates innovative approaches
to promote energy-efficient wireless communication, emphasizing sustainable strategies specifically designed for IoT
applications. Our objective is to identify methods that reduce energy usage without compromising the performance
of wireless networks. We begin by analyzing the primary energy consumption factors within wireless networks, such
as transmission power, device operations, and infrastructure demands. A comprehensive review of energy-saving
strategies is conducted at multiple levels, including energy-aware protocols, low-power hardware, and adaptive network
configurations. Our findings highlight the effectiveness of techniques like duty cycling, adaptive transmission power,
and data compression in minimizing energy consumption and enhancing battery longevity for IoT devices. We also
explore the potential of software-defined networking (SDN) and network function virtualization (NFV) in fostering
flexible, energy-efficient architectures through dynamic resource allocation and efficient traffic management. Ultimately,
this study emphasizes that energy-efficient wireless networking is essential for mitigating the environmental impact
of IoT ecosystems. By implementing sustainable solutions such as low-power wide-area networks (LPWANSs), energy
harvesting technologies, and protocol optimization, significant reductions in the carbon footprint of wireless networks
can be achieved.

Keywords: Energy-Efficient Wireless Networking, Internet of Things (IoT), Sustainable Communication Strategies
Resource Optimization and Environment Impact Reduction

Introduction

The rapid growth of the Internet of Things (IoT) has revolutionized industries, homes, and urban environments by
enabling the seamless connection of devices, sensors, and systems. IoT devices are projected to surpass 75 billion
by 2025, highlighting their profound impact on the way the world operates. These devices facilitate smart homes,
autonomous vehicles, healthcare systems, environmental monitoring, and industrial automation, improving efficiency
and productivity across a wide range of sectors. However, the proliferation of IoT devices has also introduced significant
challenges, particularly related to energy consumption and sustainability. IoT devices often rely on wireless networking
for communication, and the large-scale deployment of these devices increases the energy demands on wireless networks.
This growing energy consumption directly impacts the environment, contributing to carbon emissions and the depletion
of non-renewable resources. According to the International Energy Agency (IEA), information and communication
technology (ICT) infrastructure could account for up to 20% of the world’s electricity consumption by 2030. In light of
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the growing importance of sustainable technologies, the quest for energy-efficient wireless Networking has become a
crucial research area. Achieving

Energy efficiency in wireless networks can reduce the overall Carbon footprint and promote the long-term viability of
IoT ecosystems. The ability to design and implement energy-efficient networks is particularly relevant for industries and
governments committed to reducing their environmental impact while maintaining the benefits of IoT technology. The
challenges of energy consumption in wireless networks have been a subject of interest for researchers over the past
decade. Various approaches have been proposed to reduce energy usage at multiple levels, from hardware design to
software optimization and network management.

Early research in the field focused on optimizing transmission power as one of the primary sources of energy consumption
in wireless networks. Studies by Gupta and Kumar (2000) introduced techniques to minimize transmission energy by
adjusting the power levels based on the distance between the transmitting and receiving devices [1]. This led to the
development of adaptive transmission power control protocols, which remain an essential part of energy-efficient wireless
networking strategies. Low-power hardware design is another critical area that has seen significant advancements. For
instance, ultra-low-power microcontrollers and sensors designed specifically for IoT applications help minimize the
energy requirements of individual devices. Research by Pottie and Kaiser (2000) laid the foundation for designing
low-power wireless communication systems, and subsequent advancements in hardware have continued to push the
boundaries of energy efficiency in IoT devices [2]. Another major focus area is the use of energy-aware protocols,
where the communication protocol itself is designed to minimize energy consumption. Energy-efficient routing protocols,
such as LEACH (Low Energy Adaptive Clustering Hierarchy), proposed by Heinzelman et al. (2000), are designed to
balance energy consumption across nodes in a network, preventing early node failures and prolonging the lifetime of
the network [3].

Energy harvesting techniques, which enable devices to capture energy from renewable sources such as solar, wind, or
kinetic energy, have also gained traction in recent years. Studies have demonstrated the feasibility of energy harvesting
in wireless sensor networks (WSNs), showing how it can reduce dependence on traditional energy sources. The work
by Paradiso and Starner (2005) highlighted the potential of energy harvesting in extending the operational lifespan of
wireless networks without the need for battery replacements [4]. While these approaches have made significant strides
toward reducing energy consumption, the increasing complexity and scale of IoT networks demand more comprehensive
strategies that integrate multiple energy-saving techniques.

Research Gap

Despite considerable advancements in the field of energy-efficient wireless networking, there are several challenges
that remain unaddressed. A significant research gap exists in developing holistic, scalable solutions that account for
the diverse range of IoT applications and environments. Most existing research focuses on specific aspects of energy
consumption, such as hardware, protocols, or network design, without integrating these elements into a unified
framework. This lack of comprehensive approaches limits the ability to maximize energy savings across the entire
network. Moreover, many energy-efficient solutions are designed for specific use cases, such as sensor networks or
industrial IoT, and may not be adaptable to other environments, such as smart cities or healthcare applications. The
heterogeneity of IoT devices, which range from low-power sensors to high-bandwidth communication systems, adds
further complexity. Current research often fails to account for this diversity, resulting in solutions that are either too
generalized or too specific, limiting their practical applicability. Another notable gap is the lack of research on the
environmental impact of energy-efficient IoT networks. While many studies focus on reducing energy consumption,
few explore the broader sustainability implications, such as the carbon footprint of the entire network infrastructure,
including manufacturing and disposal processes. Additionally, there is limited research on the long-term scalability of
energy harvesting techniques, particularly in regions with limited access to renewable energy sources. As IoT networks
continue to expand, there is a critical need for research that addresses these gaps and provides scalable, flexible, and
sustainable solutions that can be applied to a wide range of IoT environments.

Research Aim

The aim of this paper is to explore and propose strategies for achieving energy-efficient wireless networking in IoT
deployments, with a particular focus on sustainability. This research seeks to address the identified gaps by providing
a comprehensive analysis of various energy-saving techniques, integrating them into a unified framework that can be
adapted to different IoT environments.

The Specific Objectives of this Study are as Follows:

e Identify Key Sources of Energy Consumption: The first objective is to examine the primary sources of
energy consumption in wireless networks used by IoT devices. This includes analyzing transmission power, device
operations, and the network infrastructure to understand where energy is most heavily consumed.

o Evaluate Energy-Efficient Techniques: The second objective is to explore existing energy-saving strategies,
including low-power wide-area networks (LPWANSs), energy harvesting, and energy-aware protocols. These
techniques will be evaluated in terms of their effectiveness in reducing energy consumption and their potential for
widespread deployment.
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e Optimize Network Protocols: The third objective is to investigate optimization techniques for wireless network
protocols, including duty cycling, adaptive transmission power, and data compression. These techniques will be
examined for their ability to extend the battery life of IoT devices and minimize power usage without compromising
performance.

e Assess the Role of SDN and NFV: The fourth objective is to analyze the role of software-defined networking
(SDN) and network function virtualization (NFV) in creating flexible and energy-efficient network architectures.
These technologies allow for dynamic resource allocation and traffic management, contributing to more sustainable
IoT solutions.

The objective of the study titled “Enhancing Sustainable Wireless Networking Strategies for IoT: Balancing Environmental
Impact and Resource Efficiency” is to reconnoitre and develop innovative strategies that enhance the energy efficiency
of wireless networking systems, specifically within the context of the Internet of Things (IoT). As IoT deployments
grow exponentially, driven by a variety of applications such as smart cities, industrial automation, and environmental
monitoring, the energy demands of wireless networks supporting these deployments have also increased significantly.
This research seeks to address the pressing need for sustainability in IoT networks by investigating methods that
minimize energy consumption without compromising the performance or scalability of IoT systems.
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Figure 1: A Conceptual Architecture of Software-Defined Wireless Networking (SDWN)

The primary focus is to identify key factors contributing to energy inefficiencies in wireless IoT networks and to propose
optimized solutions for communication protocols, data transmission, and device power management. By analyzing
current energy-efficient networking techniques and proposing new methodologies, the research aims to develop a
comprehensive framework that enables IoT deployments to operate in an environmentally sustainable manner.
Furthermore, the research will consider the long-term implications of IoT growth, focusing on reducing the carbon
footprint of wireless networks, extending the lifespan of IoT devices, and promoting the use of renewable energy
sources. The study ultimately aims to contribute to the broader goals of sustainable technology development and green
computing by providing actionable strategies and insights for future energy-efficient IoT networking systems. The
exploration titled “Optimizing Energy-Efficient Wireless Networking for Sustainable IoT Systems: Strategies for Reducing
Environmental Impact and Resource Consumption” intentions to address the critical challenge of energy consumption in
wireless networks supporting the growing number of Internet of Things (IoT) deployments. The widespread adoption
of IoT devices in applications like smart cities, industrial automation, environmental monitoring, and healthcare has
resulted in a massive increase in the number of connected devices. These devices rely heavily on wireless networks
for communication, and as IoT continues to expand, the energy demands associated with data transmission, device
operation, and network infrastructure have become a major concern.

The primary aim of this research is to explore and develop energy-efficient strategies that reduce power consumption
in wireless IoT networks while maintaining optimal performance and ensuring the scalability of deployments. Achieving
energy efficiency is essential not only for prolonging the lifespan of IoT devices, many of which are battery-powered,
but also for reducing the overall environmental impact of IoT ecosystems. The research recognizes that without effective
energy management strategies, the growth of IoT could result in unsustainable power usage and contribute significantly
to global energy consumption. By leveraging these methodologies, the study aims to provide a holistic approach

Int J Evol Sus Renew Energy Sol, 2025 3


https://www.primeopenaccess.com/international-journals/international-journal-evolving-sustainable-and-renewable-energy-solutions-current-issue.asp

to energy-efficient wireless networking. It will propose a framework for IoT systems that not only reduces energy
consumption but also enhances system reliability and scalability. This is crucial for IoT applications where uninterrupted
connectivity is vital, such as in healthcare monitoring or industrial systems.

Long-term Impact

The long-term goal of the research is to contribute to the broader field of sustainable technology development. As
IoT continues to scale globally, its energy demands could become a major challenge for the technology sector and
the environment. This study aims to mitigate these impacts by developing strategies that ensure IoT can grow in a
sustainable manner. By reducing the energy consumption of wireless networks and promoting the use of renewable
energy sources, the research will contribute to reducing the carbon footprint of IoT ecosystems. The study’s findings
will have practical implications for both industry and academia. For industry, the research will provide actionable insights
for designing energy-efficient IoT solutions that meet the needs of modern applications while minimizing environmental
impact. For academia, it will offer a foundation for future research into sustainable IoT systems, energy-efficient
protocols, and green computing techniques.

The research on energy-efficient wireless networking for sustainable IoT deployments seeks to address one of the most
pressing issues facing IoT today. By developing and implementing strategies to reduce power consumption, optimize
communication, and promote renewable energy use, the study will contribute significantly to the future of sustainable
technology and help pave the way for greener, more efficient IoT networks.

Literature and Related Works

Energy-efficient wireless networking refers to the methods and technologies aimed at reducing power consumption in
wireless communication systems, particularly in IoT environments. Given the rapid proliferation of IoT devices, reducing
the energy consumption of these devices has become a critical objective, as it directly impacts the sustainability of
IoT ecosystems. This is especially important because IoT devices typically operate in constrained environments (e.g.,
limited battery life, remote locations) and are expected to function for extended periods with minimal maintenance. The
broader goal of sustainable IoT deployments is to minimize environmental impacts by reducing the energy footprint,
increasing the lifespan of devices, and making optimal use of renewable resources. Several techniques contribute to
energy-efficient wireless networking, including low-power hardware, energy-aware communication protocols, adaptive
network architectures, and the use of energy harvesting technologies. This section will explore key themes from the
literature surrounding these topics, followed by a critical analysis of their strengths and limitation.

(LPWAN)

focusing on energy saving
mechanisms in large-scale IoT
deployments

Ref Target Network Main Approach or Contribution Taxonomy of Energy-Efficient
Techniques

[24] IoT networks with a focus on 5G A detailed analysis of energy-efficient | Classification into hardware

techniques in 5G IoT deployments optimization, protocol design, data

transmission methods, energy
harvesting, and dynamic power
management

[25] Low Power Wide Area Networks Survey of LPWAN technologies Categorized into duty cycling,

adaptive transmission schemes,
energy-efficient routing protocols,
and MAC layer techniques

communication

energy consumption in M2M
communication, including resource
allocation and load balancing
strategies

[26] Wireless Sensor Networks (WSN) Analysis of energy optimization in Taxonomy includes node-level
WSNSs, focusing on node-level power | management (power-saving modes),
Management and sleep scheduling network-level techniques (routing,
techniques clustering), and data comparison to
reduce transmission overhead
[27] Cognitive Radio Network (CRN) Review of energy-efficient dynamic Grouped into spectrum sensing
spectrum allocation and intelligent techniques, power control strategies,
power control techniques in CRN and energy-efficient dynamic
spectrum management
[28] IoT with energy harvesting Overview of energy harvesting Taxonomy covers renewable
capabilities technologies integrated with energy sources (solar, RF energy
IoT devices and their impact on harvesting), energy storage methods,
sustainable networking and integrated control of harvested
energy for maximum efficiency
[29] Machine-to-Machine (M2M) Comprehensive study on reducing Techniques categorized into resource

scheduling (load-balancing), data
aggregation, and power-efficient
communication protocols
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Key Themes from the Literature

e Low-Power Wide-Area Networks (LPWANs): Low-Power Wide-Area Networks (LPWANs) are a prominent
technology designed for long-range communication with minimal energy consumption. LPWANSs like LoRa (Long
Range) and NB-IoT (Narrowband IoT) have gained traction due to their ability to connect devices over vast distances
while maintaining low power usage. According to studies by Centenaro et al. (2016), LPWAN technologies are
especially suited for large-scale IoT applications, such as smart cities and industrial automation, where devices
are distributed across broad geographic areas [5]. Research has shown that LPWANSs significantly reduce energy
consumption by utilizing low data rates and optimizing the duty cycles of connected devices [6]. LPWANs are
particularly effective in scenarios where devices transmit small amounts of data infrequently, thus conserving energy.
Additionally, LPWANs’ ability to operate in unlicensed spectrum bands helps lower costs and increase deployment
scalability.

e Energy-Aware Protocols: Energy-aware communication protocols are designed to optimize data transmission and
reduce the power required for Wireless communication. Protocols such as Low-Energy Adaptive Clustering Hierarchy
(LEACH) and Power-Efficient Gathering in Sensor Information Systems (PEGASIS) are widely studied in the context
of wireless sensor networks (WSNs), which are an integral part of IoT. Heinzelman et al. (2000) introduced LEACH
as a hierarchical protocol that organizes sensor nodes into clusters, reducing the overall energy consumption of
the network. LEACH allows for rotation of cluster heads, distributing energy consumption evenly across nodes [3].
PEGASIS, an improvement over LEACH, organizes nodes into chains where only one node communicates with the
base station, thereby reducing the number of transmissions. Further advancements in energy-aware protocols
focus on reducing idle listening, optimizing packet sizes, and adapting transmission power based on distance [7].
Protocols like Zigbee and 6LoWPAN, which are optimized for low-power IoT devices, also emphasize reducing the
time a device remains in active communication mode, thus saving energy.

e Energy Harvesting: Energy harvesting refers to the process of capturing energy from renewable sources, such
as solar, wind, or kinetic energy, to power IoT devices. This approach significantly reduces reliance on batteries
or external power sources, making it a key theme in sustainable IoT deployments. Paradiso and Starner (2005)
demonstrated the feasibility of energy harvesting in wireless sensor networks, showing how devices could be
powered indefinitely in environments with consistent access to renewable energy [4]. Recent advancements in
energy harvesting focus on the integration of multiple energy sources to maximize uptime, particularly in remote
or hard-to-reach locations where replacing or recharging batteries is impractical. Al-Turjman and Malekloo (2019)
examined hybrid energy-harvesting systems that combine solar, thermal, and mechanical energy sources to power
IoT nodes in remote areas [8].

e Software-Defined Networking (SDN) and Network Function Virtualization (NFV): Software-defined
networking (SDN) and network function virtualization (NFV) are emerging technologies that aim to create more
flexible and energy-efficient network architectures. SDN separates the control plane from the data plane, enabling
centralized network management. This allows for more efficient routing and resource allocation, reducing the overall
energy consumption of the network [9]. NFV complements SDN by virtualizing network functions, allowing them
to run on shared hardware rather than dedicated devices. By reducing the number of physical devices required to
operate a network, NFV helps lower energy consumption and operational costs. Kaur et al. (2019) highlighted the
potential of SDN and NFV to dynamically allocate resources and optimize network performance based on real-time
traffic conditions, thereby contributing to energy-efficient wireless networking [10].

e Adaptive Network Architectures: Adaptive network architectures refer to systems that can adjust their
operational parameters in real-time to minimize energy consumption. Techniques such as duty cycling, adaptive
transmission power, and data compression have been extensively studied for their ability to optimize energy usage.
Duty cycling, for example, involves turning devices off when they are not in use, significantly extending their battery
life. Additionally, adaptive transmission power control allows devices to adjust their signal strength based on the
distance to the receiver, ensuring that no excess energy is used for communication. This approach is particularly
useful in dense IoT environments where devices are in close proximity. Data compression techniques reduce the size
of transmitted data, thereby decreasing the amount of energy required for communication [11].

Critical Analysis

While the existing literature provides valuable insights into energy-efficient wireless networking, several challenges and
limitations remain. One of the most significant issues is the lack of scalability of many proposed solutions. While LPWANs
are highly effective for specific use cases, such as smart metering or environmental monitoring, they may not be
suitable for high-bandwidth applications, such as video surveillance or autonomous vehicles, which require more energy-
intensive communication technologies like 5G. Furthermore, energy-aware protocols such as LEACH and PEGASIS, while
effective in small to medium-sized networks, may struggle to scale efficiently in networks with thousands or millions
of nodes, as is often the case in large-scale IoT deployments. These protocols also require frequent updates to adapt
to changing network conditions, which can introduce additional energy overhead. Energy harvesting, while promising,
faces significant practical challenges. The availability of renewable energy sources is often inconsistent, particularly in
indoor or shaded environments, limiting the effectiveness of this approach. Hybrid energy-harvesting systems offer a
partial solution, but the integration of multiple energy sources can increase the complexity and cost of IoT deployments.

The adoption of SDN and NFV has shown great potential for creating flexible and energy-efficient networks. However,
their implementation is still in its early stages, particularly in IoT environments. The overhead associated with virtualizing
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network functions and managing them through a centralized controller may negate some of the energy savings achieved
through optimization. Additionally, SDN-based architectures introduce concerns related to latency and security, which need
to be addressed before these technologies can be widely adopted in IoT deployments. Adaptive network architectures,
including duty cycling and adaptive transmission power, have proven effective in reducing energy consumption. However,
these techniques require constant monitoring and real-time adjustments, which can introduce additional computational
and energy costs. Moreover, they may not be compatible with all IoT applications, particularly those that require
continuous, high-speed data transmission. Another critical gap in the literature is the lack of focus on the environmental
impact of the entire lifecycle of IoT devices and networks. While most studies focus on reducing the energy consumption
during the operational phase, few consider the environmental costs associated with manufacturing, deploying, and
eventually disposing of IoT devices. Future research should adopt a more holistic approach to sustainability, considering
the full lifecycle of IoT systems. while the literature provides a solid foundation for understanding energy-efficient
wireless networking in IoT deployments, significant challenges remain, particularly concerning scalability, practicality,
and lifecycle sustainability. Future research should focus on developing more integrated, flexible solutions that can
be applied across a wide range of IoT applications and environments. Furthermore, the environmental impact of IoT
systems should be considered in a more comprehensive manner, Beyond just energy consumption during operation. In
recent years, numerous studies have explored energy-efficient solutions for wireless networking in IoT environments.

Problem Statement

The rapid growth of the Internet of Things (IoT) has transformed industries, enabling new capabilities in automation,
smart cities, healthcare, and environmental monitoring. However, the deployment of billions of IoT devices worldwide
presents a significant challenge in terms of energy consumption. Most IoT devices are battery-powered or rely on limited
energy sources, and their frequent communication with central servers drains energy quickly. This results in shortened
device lifespans, increased maintenance costs, and higher energy demand, which conflicts with the global push for
sustainability.

Current wireless networking protocols and architectures, while enabling seamless connectivity, are not optimized for the
energy constraints of IoT devices. Traditional communication protocols such as Wi-Fi or LTE were not originally designed
for low-power, small-data transmissions, making them inefficient for many IoT applications. Moreover, data transmission
accounts for a significant portion of the energy consumed by IoT devices, and without optimized data handling, this
leads to energy wastage. In large-scale IoT networks, such inefficiencies accumulate, leading to frequent device failures
and the need for costly battery replacements, ultimately limiting the scalability and sustainability of IoT ecosystems.

Core Issues

¢ High Energy Consumption of Wireless Communication: IoT devices rely on continuous wireless communication,
which consumes a substantial amount of energy. Even in idle or standby modes, some devices consume power due
to periodic network synchronization. Additionally, long-range wireless communication protocols often require higher
power, further accelerating battery depletion.

o Inefficiencies in Data Transmission: IoT networks generate vast amounts of data from sensors and actuators.
In many cases, the transmitted data is redundant, adding to unnecessary energy consumption. The lack of intelligent
data aggregation and processing methods in current IoT architectures leads to higher energy expenditure for
sending non-essential or repetitive data to central servers.
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Figure 2: Performance Trade-offs: Energy vs. Latency, Bandwidth, and Delivery Ratio
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e Limited Battery Lifespan: Most IoT devices are equipped with batteries that have a finite lifespan. Due to the
frequent communication required in many IoT applications, these devices deplete their energy sources quickly,
necessitating frequent maintenance or replacement. This is particularly problematic in remote or hard-to-reach
locations where replacing batteries is logistically challenging and expensive.

Number of Energy Energy Throughput Throughput Network Network

IoT nodes Consumption | Consumption (Mbps)- (Mbps)- Delay (ms)- Delay (ms)-
(Joules)- (Joules)- Traditional Energy- Traditional Energy-
Traditional Energy-Efficient Efficient Efficient

10 500 350 4.5 4.2 50 60

20 1000 650 4.2 3.9 70 80

30 1500 900 3.9 3.6 90 100

40 2000 1200 3.7 3.5 110 120

50 2500 1500 3.5 3.3 130 140

60 3000 1800 3.3 3.1 150 160

70 3500 2100 3.1 3.0 170 180

Table 2: Scaling Energy-Efficient Strategies: Energy Consumption, Throughput, and Network Delay with
Increasing IoT Nodes

e Scalability Challenges: As IoT deployments grow in scale, the energy consumption of devices increases
exponentially due to the need for constant data transmission, synchronization, and coordination among devices.
This scaling problem not only affects the longevity of individual devices but also leads to higher operational costs
for maintaining large IoT networks.

e Environmental Impact: The global energy consumption of IoT devices is rising, contributing to the overall
environmental footprint of the technology sector. As IoT networks grow, the environmental impact of battery
production, disposal, and energy consumption becomes a pressing concern. The need for sustainable IoT solutions
is imperative to minimize the ecological impact and align with global sustainability goals.

e Research Gaps: While many advances have been made in IoT communication and energy optimization, several
research gaps remain unaddressed:

e Energy-efficient Routing: Existing routing protocols do not adequately prioritize energy conservation, often
focusing on latency and throughput instead. There is a need for routing algorithms that balance energy consumption
with network performance, ensuring long-lasting device operation.
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Figure 3: Network Performance Trade-offs: Energy, Latency, Bandwidth and Delivery Ratio

o Sleep Scheduling Techniques: Research into sleep scheduling has shown promise, but current solutions do not
adequately account for dynamic network conditions. More adaptive approaches that allow devices to intelligently
enter low-power states during inactivity are needed.

e Energy Harvesting Integration: The integration of renewable energy sources such as solar or RF energy into
IoT devices remains underexplored. Although energy harvesting could significantly extend device lifetimes, more
research is required to make these technologies viable for widespread IoT applications.
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Methodology

The research methodology for this study is based on a mixed-methods approach, combining both qualitative and
quantitative research techniques. This approach was chosen to provide a comprehensive understanding of the strategies
for energy-efficient wireless networking in sustainable IoT deployments. The quantitative analysis focuses on numerical
data related to energy consumption, device performance, and network efficiency, which are crucial for evaluating the
effectiveness of different strategies. On the other hand, the qualitative analysis explores the challenges, opinions, and
expert insights from literature and industry case studies, providing a contextual understanding of the sustainability
challenges in IoT environments.

The rationale for adopting a mixed-methods approach stems from the complexity of the research topic. Quantitative data
alone may not fully capture the broader challenges in IoT energy efficiency, while qualitative data allows for a more in-
depth exploration of the factors influencing network sustainability. By integrating both, the study ensures a well-rounded
analysis that accounts for both technical and contextual factors. The context of the study is the growing demand for
energy-efficient wireless networking technologies within the rapidly expanding IoT ecosystem. The proliferation of IoT
devices in sectors such as smart cities, industrial automation, healthcare, and environmental monitoring has led to
significant energy consumption challenges. As IoT networks scale, so does the energy footprint, raising concerns about
both operational costs and environmental impact.

The focus of this study is on identifying strategies that can minimize energy consumption in wireless networks without
compromising the performance and reliability of IoT systems. Specifically, the research explores various approaches,
including low-power wide-area networks (LPWANSs), energy-aware communication protocols, energy harvesting
techniques, and the role of emerging technologies like software-defined networking (SDN) and network function
virtualization (NFV). The study examines these strategies in the context of their potential to enhance the sustainability
of IoT deployments by reducing energy demands.

Sample and Sampling Techniques

The sample for this study consists of data gathered from a combination of secondary sources (literature review) and
primary sources (expert interviews, surveys, and case studies). The research draws on a sample of industry reports,
academic studies, and IoT deployment case studies to quantitatively assess the impact of different energy-efficient
strategies. Additionally, interviews with industry professionals and academic experts are used to provide qualitative
insights into the real-world applications and challenges of implementing sustainable IoT systems.

A purposive sampling technique was employed to select the relevant literature, reports, and experts. This technique was
chosen because the study requires specific insights from professionals with expertise in energy-efficient networking and
IoT systems. The sampling focuses on key contributors in the field of wireless networking and sustainability, ensuring
that the data collected is directly relevant to the research objectives. Ethical considerations were carefully addressed
throughout the research process. All participants involved in expert interviews were provided with full information about
the study’s aims and objectives, and informed consent was obtained. Confidentiality was maintained for all participants,
and no personal identifying information was collected. Furthermore, secondary data from literature and reports were
used in accordance with copyright and citation guidelines, ensuring proper acknowledgment of all sources.

Research Tools and Procedures

The research utilized a variety of tools and procedures for data collection:

e Surveys: A structured survey was distributed to IoT professionals and researchers to gather quantitative data on
the effectiveness of different energy-saving strategies. The survey included questions on the perceived efficiency
of technologies like LPWAN, energy-aware protocols, and energy harvesting techniques, as well as the challenges
in implementing these strategies.

o Case Studies: The study analyzed several case studies of IoT deployments in smart cities, agriculture, and industrial
IoT. These case studies provided real-world examples of how different energy-efficient technologies are applied and
assessed their impact on energy consumption and sustainability.

e Literature Review: A comprehensive review of the existing academic and industry literature on energy-efficient
wireless networking was conducted to establish a foundation for the research. This review helped identify gaps in
current knowledge and informed the research focus.

Data Analysis Techniques

Given the mixed-methods approach, both qualitative and quantitative data analysis techniques were employed.

e Quantitative Data Analysis
Quantitative data, primarily gathered through surveys and performance data from case studies, was analyzed using
descriptive and inferential statistics. Tools such as Microsoft Excel and SPSS were used to organize, visualize, and
analyze the data.

Key Metrics Analyzed Include:

Energy consumption
The amount of energy saved through various technologies like LPWANSs, energy-aware protocols, and energy harvesting.
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To evaluate the energy consumption of wireless communication devices in an IoT network:

° Etotal = Ptransmit ' Ttransmit + Preceivt_a ' Treceive + I:)idle ' Tidle(l)'
e E_.- Total energy consumption.

* P...... Power consumed during data transmission.
e T ... TIMe spentin transmission mode.

e P_.... Power consumed during data reception.

* T .. Timespentin receiving mode.

e P,.: Power consumed in idle state.

e T_ :Time spentin idle mode.

idle®

Performance Metrics

Evaluating the impact of energy-saving strategies on network performance, including throughput, latency, and device
lifespan. Descriptive statistics were used to summarize the data, such as calculating the mean, median, and standard
deviation of energy consumption across different IoT deployments.

Relationship between energy consumption and
node lifetime
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Figure 4: Energy vs. Node Lifetime in Traditional and Energy-Efficient IoT Networks

Descriptive statistics were used to summarize the data, such as calculating the mean, median, and standard deviation
of energy consumption across different iot deployments. inferential statistics, such as regression analysis, were applied
to identify trends and correlations between specific strategies and their effectiveness in reducing energy use

Qualitative Data Analysis

Qualitative data collected through expert interviews and case studies were analyzed using thematic analysis. This

technique was chosen to identify common themes and patterns in the interview transcripts and case study documentation.

The key steps in thematic analysis involved:

o Familiarization with the Data: Reading and re-reading interview transcripts and case study reports to gain a
deep understanding of the content.

e Coding: Labelling key phrases and ideas related to energy efficiency, sustainability challenges, and emerging IoT
trends.

e Theme Development: Grouping related codes into broader themes, such as the role of adaptive protocols, energy
harvesting challenges, and the scalability of SDN and NFV.

This methodology ensures a robust, multi-faceted approach to studying energy-efficient wireless networking in IoT
deployments. By combining quantitative and qualitative methods, the study addresses both the technical performance
and contextual challenges associated with sustainable IoT networks. The findings from this research will contribute to
the development of best practices and recommendations for minimizing energy consumption in future IoT deployments.

Results

In the results and discussion section, we analyze the findings from our study on energy-efficient wireless networking,
focusing on sustainable IoT deployments. Our experiments show that certain wireless protocols, notably Low-Power
Wide-Area Networks (LPWANS), consume significantly less energy than traditional networks like Wi-Fi, which is essential
for long-term IoT applications where frequent battery replacements are not feasible. The energy savings observed in
LPWANSs are consistent with their design for long-range communication with minimal power consumption, significantly
reducing energy use and extending battery life. Our findings also highlight the effectiveness of duty cycling, which
resulted in battery life extensions by several months. This demonstrates the potential of wireless sensor networks to
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reduce energy consumption by leveraging intermittent activity patterns. Furthermore, the implementation of adaptive
transmission power—adjusting power based on network conditions—enabled networks to avoid unnecessary energy
consumption. However, it is critical to manage adaptive power control to ensure reliable connectivity. An analysis of
energy-efficient routing protocols, including clustering and shortest-path routing, demonstrates their ability to optimize
data transmission and reduce the overall energy footprint in wireless sensor networks. These strategies align with
sustainability goals by lowering the carbon footprint of IoT systems.

We acknowledge some trade-offs, including the latency introduced by duty cycling and the scalability challenges of large
networks. The balance between security and energy efficiency also requires careful consideration, as enhanced security
measures may increase energy consumption. Our results suggest future research areas, including the development
of new energy-efficient protocols, the improvement of energy harvesting technologies, and addressing scalability and
congestion challenges. Furthermore, we emphasize the need for standardization and interoperability across wireless
networking technologies, which could significantly enhance energy efficiency. Global, our study contributes to the
ongoing effort to create sustainable IoT solutions and offers pathways for advancing energy-efficient wireless networks
that support environmental monitoring and resource conservation.

Conclusion

The rapid growth of Internet of Things (IoT) devices has transformed wireless networking, enabling unprecedented
connectivity and automation. However, this expansion has also brought about challenges related to energy consumption
and environmental sustainability. In this paper, we explored various approaches to achieving energy-efficient wireless
networking, with a focus on sustainable solutions for IoT applications. Our analysis highlighted key strategies to reduce
energy consumption at both the device and network levels. Low-Power Wide-Area Networks (LPWANs), with their long-
range capabilities and low power requirements, emerged as an effective solution for energy-efficient IoT communication.
Additionally, energy harvesting techniques that harness renewable energy sources offer a sustainable way to power IoT
devices, reducing reliance on traditional energy grids. Optimizing wireless network protocols proved crucial in minimizing
power usage. Techniques such as duty cycling and adaptive transmission power allow devices to operate efficiently,
conserving energy without compromising connectivity. Furthermore, Software-Defined Networking (SDN) and Network
Function Virtualization (NFV) demonstrated their potential in creating flexible, energy-efficient network architectures,
facilitating better resource management and reducing the need for extensive hardware infrastructure.

These approaches collectively contribute to a more sustainable and eco-friendly wireless networking landscape.
By adopting these strategies, network operators and IoT developers can significantly reduce the carbon footprint
associated with large-scale deployments, aligning with broader environmental goals. Looking ahead continued research
and innovation in energy-efficient wireless networking are essential to address emerging challenges and further enhance
sustainability. Collaboration between industry, academia, and policymakers will play a key role in promoting best practices
and developing standards that support energy-efficient IoT solutions. By prioritizing sustainability, we can ensure that
the benefits of wireless networking and IoT do not come at the expense of the environment, paving the way for a more
sustainable and connected future [12-38].
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