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Abstract:

The spread of 5G wireless networks is set to revolutionize communication
by offering ultra-fast data speeds, ultra-reliable low-latency
communication, and support for massive device connectivity. However,
the exponential increase in data transmission, network density, and device
connections in 5G networks is expected to result in significantly higher
energy consumption compared to previous generations. This paper
presents a comparative study of various green technologies implemented
in 5G wireless networks, evaluating their contributions to energy
efficiency, scalability, and overall sustainability. Key technologies, such
as energy-efficient base stations, green Radio Access Networks (RAN),
network slicing, and the integration of renewable energy solutions, are
analyzed. The benefits, challenges, and future directions for green
technologies in achieving sustainable 5G networks are highlighted,
incorporating theoretical foundations and practical applications.
Keywords: Green Technologies, 5G Networks, Energy Efficiency,
Sustainability, Telecommunications.
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1. Introduction

The shift from 4G to 5G networks marks a significant technological
evolution, with 5G expected to support ultra-high data rates, massive
Machine-Type Communications (mMTC), and Ultra-Reliable Low-
Latency Communication (URLLC) [1]. These advancements enable
applications such as autonomous vehicles, augmented reality, smart cities,
and industrial automation. However, the performance improvements in 5G
come with a significant increase in energy consumption, posing challenges
for both network operators and the environment.

As global data traffic is expected to increase tenfold by 2030, energy
consumption in telecommunications networks is projected to rise
dramatically if left unchecked [2]. Green technologies, therefore, play a
critical role in mitigating the environmental impact of 5G by improving
the energy efficiency of network infrastructure. Reducing energy
consumption is not only vital for lowering operational costs but also for
meeting the carbon reduction targets set by global sustainability initiatives
such as the Kyoto Protocol [3].

This paper aims to provide a comprehensive comparative study of green
technologies used in 5G wireless networks. Energy-efficient hardware
solutions, software-based energy management techniques, network
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slicing, and the use of renewable energy are evaluated. The paper also
explores the challenges and future research directions for green
communications in the 5G era.

2. BACKGROUND AND RELATED WORK

Green communications have long been a focus of research, driven by the
need to address the increasing energy demands of telecommunications
networks. The energy consumption of the Information and
Communication Technology (ICT) sector currently accounts for 2-3% of
global electricity consumption, and this figure is expected to grow in the
coming decades [4]. Early work on green communications focused on
reducing power consumption in 3G and 4G networks, primarily through
energy-efficient hardware and power-saving algorithms. However, the
complexity and density of 5G networks present new challenges that
require more advanced solutions.

2.1 EVOLUTION OF ENERGY EFFICIENCY IN
TELECOMMUNICATIONS

The evolution of energy efficiency in telecommunications can be traced
back to the transition from 2G to 3G networks. While 2G networks were
optimized for voice transmission, 3G introduced mobile broadband
services, increasing power consumption due to the need for higher data
rates [5]. As mobile broadband usage exploded with 4G, energy
consumption became a more pressing issue, leading to the development of
energy-saving techniques such as base station sleep modes and network
optimization protocols. However, 5G introduces several new features such
as massive Multiple-Input Multiple-Output (MIMO), small cells, and
millimeter-wave communications that further increase energy
consumption. To address these challenges, energy efficiency must be
integrated at multiple levels, from hardware to software, across the entire
5G architecture [6].

The Normalized Energy Consumption per Bit (E) is defined as the total
power consumption of the network divided by the data transmission rate.
For each generation of networks (2G, 3G, 4G, and 5G), the energy
consumption is normalized to the baseline value of 1.0 for 2G:

_ Ptotal
E= Data Rate (bps) (1)
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Where Piyeqr 18 the total power consumed and Data Rate is the rate at
which data is transmitted in bits per second [5,6].

The Energy Efficiency Improvement (EEI) quantifies the percentage
improvement in energy efficiency from one generation to the next:

EE] = (1 . Ecurrentgeneration ) X 100% (2)

previous generation

The following table highlights the normalized energy consumption per bit
and the corresponding energy efficiency improvements across different
network generations (2G, 3G, 4G, and 5G).

Table 1: Energy Consumption and Efficiency Improvements Across
Network Generations

Network Normalized Energy Efficiency
Generation Energy Improvement
Consumption per
Bit
2G 1.0 Baseline
3G 0.9 10% improvement over 2G
4G 0.7 30% improvement over 2G
5G 0.5 50% improvement over 2G

2.2 Energy Efficiency in 5G: A Paradigm Shift

5G represents a significant paradigm shift from previous network
generations, not only in terms of performance but also in its approach to
energy efficiency. In addition to higher data rates, 5G is expected to
support a wide variety of use cases, each with its own energy consumption
profile. enhanced Mobile Broad Band (eMBB) requires high data
throughput and coverage, while (mMTC) and (URLLC) are focused on
connecting billions of low-power devices and minimizing latency,
respectively [7].

Traditional energy-saving methods used in 4G networks are insufficient to
address the diverse and demanding requirements of 5G. New technologies,
such as network slicing, Service-Based Architecture (SBA), and Multi-
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access Edge Computing (MEC), offer more flexible and energy-efficient
solutions by allowing operators to tailor network resources to specific use
cases [7].

80 Evolution of Energy Efficiency in Telecommunications
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Fig 1: Evolution of Energy Efficiency Across Mobile Network
Generations (2G to 5G).

3. GREEN TECHNOLOGIES IN 5G NETWORKS

Green technologies in 5G networks can be categorized into hardware-
based solutions, software-driven energy-saving mechanisms, and the
integration of renewable energy resources. These technologies must be
implemented holistically across the entire network to maximize their
impact.

3.1 ENERGY-EFFICIENT Hardware

Energy-efficient hardware plays a pivotal role in reducing the power
consumption of 5G networks, particularly in base stations. Base stations
account for approximately 60-80% of the total energy consumption in
mobile networks, making them a key target for energy optimization [8].
Several advancements in hardware design have been made to address this
challenge, including the development of energy-efficient power amplifiers
and the deployment of small cells.

POWER AMPLIFIERS

Power Amplifiers (PAs) are a critical component of base stations,
responsible for amplifying the radio signal before transmission.
Traditional PAs are notoriously inefficient, with most of the energy
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consumed being dissipated as heat. Modern power amplifiers, such as
Doherty amplifiers and envelope-tracking PAs, offer significant
improvements in energy efficiency.

Doherty amplifiers, for instance, use a load-modulated design that
enhances efficiency by dynamically adjusting the output power based on
the transmission requirements [9].

The Power Added Efficiency (PAE) is a commonly used metric to
compare traditional and modern power amplifiers. It is given by the
following equation:

PAE = "8 % 100% 3)

DC

Where:

e P, isthe output RF power of the amplifier.

e P;, isthe input RF power to the amplifier.

e Ppc isthe total DC power supplied to the amplifier.
For modern power amplifiers like Doherty amplifiers and envelope-
tracking amplifiers, Pp is dynamically adjusted based on the transmission
needs, resulting in significantly higher efficiency compared to traditional
amplifiers like Class A amplifiers, which dissipate more power as heat [9].

100 Power Amplifier Efficiency Comparison

80

60

Efficiency (%)
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Class A Class B Daoherty Envelope Tracking
Amplifier Type

Fig 2: Comparative Efficiency of Traditional and Modern Power
Amplifiers
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SMALL CELLS
The deployment of small cells is another effective strategy for improving
energy efficiency in 5G networks. Small cells operate at lower power
levels than macro cells, covering smaller geographic areas and reducing
the energy required to transmit data. In urban environments, where user
density is high, small cells are particularly effective at improving network
capacity while reducing energy consumption. Additionally, small cells can
be placed into sleep mode during periods of low traffic, further reducing
their energy usage [10].
MASSIVE MIMO
Massive Multiple-Input Multiple-Output (MIMO) technology is a defining
feature of 5G networks, allowing base stations to transmit data to multiple
users simultaneously by using multiple antennas. Massive MIMO
improves spectral efficiency, which reduces the energy required per bit of
data transmitted. Beamforming, a technique that directs radio signals more
precisely to users, is an integral part of MIMO, reducing energy waste by
minimizing interference and focusing energy where it is needed most [11].
The power consumption of a base station (Pgg ) can be modeled as the sum
of static and dynamic power components:
Pgs = Pgraric + 1+ denamic 4)
Where:
o Pyatic represents the base station’s fixed energy consumption
regardless of load.
e 7 is the efficiency factor that varies based on the base station's
design.
®  Pgynamic 1s the energy consumption that scales with the amount of
data transmitted.
This equation illustrates the importance of dynamic power management in
reducing overall energy consumption, particularly during periods of low
traffic.
3.2 GREEN RADIO ACCESS NETWORKS (RAN)
Green Radio Access Networks (RAN) are essential for reducing the energy
consumption of 5G networks, particularly in dense urban areas where
network traffic is high. Several energy-saving techniques have been
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implemented at the RAN level, including Heterogeneous Networks
(HetNets), cognitive radio, and dynamic spectrum allocation.

The energy efficiency of different 5G Radio Access Network (RAN)
architectures is represented by the Energy Savings (% ) metric. This is
calculated as the percentage reduction in power consumption due to the
implementation of green technologies:

Energy Savings (%) = —tase=Poptimised o 4y (5)

Ppase
Where Pyq,e represents the power consumption without optimization, and

Poptimisea 1S the reduced power consumption after implementing green
solutions such as heterogeneous networks, dynamic spectrum sharing, or
small cell offloading [12,13].

The table below summarizes the energy efficiency metrics for various 5G
Radio Access Network (RAN) architectures, including heterogeneous
networks, dynamic spectrum sharing, and small cell offloading.

TABLE 2: ENERGY EFFICIENCY METRICS FOR DIFFERENT 5G RAN
ARCHITECTURES

Energy Savings | Deployment
Technol hall
echnology %) Scenario Challenges
Heterogeneous Urban areas Interference
8 30-40% with high
Networks ) management
density
Dynamic 20-35% Rural and Complexity in
Spectrum resource
. suburban areas .
Sharing allocation
Backhaul
Small Cell Dense urban aciiat
. 40-50% ) network
Offloading environments .
requirements

HETEROGENEOUS NETWORKS (HET NETS)

In a heterogeneous network architecture, macro cells and small cells are
deployed together to optimize coverage and capacity. Small cells handle
traffic in high-demand areas, while macro cells provide broader coverage.
This approach significantly reduces energy consumption by offloading
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traffic from energy-intensive macro cells to more efficient small cells. By
dynamically adjusting the size and power of each cell based on real-time
demand, Het Nets can achieve energy savings of up to 30-40% [12].
COGNITIVE RADIO AND DYNAMIC SPECTRUM ALLOCATION
Cognitive radio and dynamic spectrum allocation technologies further
enhance the energy efficiency of 5G RAN by ensuring that radio resources
are used efficiently. Cognitive radio enables 5G devices and base stations
to sense the radio environment and adjust transmission parameters based
on network conditions, such as interference and congestion. Dynamic
spectrum sharing allows the network to allocate spectrum resources in real
time, reducing the need for idle resources to consume power [13].
COORDINATED MULTIPOINT (COMP) TRANSMISSION

Coordinated Multi-Point (CoMP) transmission is another key energy-
saving technique in 5G RAN. CoMP enables multiple base stations to
coordinate their transmissions, reducing interference and improving
spectral efficiency. This reduces the energy required to maintain high data
rates, particularly in dense urban environments where interference is a
major concern [14].

3.3 RENEWABLE ENERGY SOLUTIONS IN 5G

Integrating renewable energy sources into 5G networks is a promising
solution for reducing both energy consumption and the environmental
impact of telecommunications infrastructure. Renewable energy, such as
solar and wind power, can be used to power base stations, particularly in
rural and off-grid areas. Hybrid power systems, which combine renewable
energy with grid electricity, are also being deployed to ensure a stable and
reliable power supply.

r _ _(%))E -

AC power

X Base station
UE
B—|_ W
& Packet buffer

Solar energy

Battery
UE

Fig 3: Hybrid Renewable Energy System for 5G Base Stations [18].
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SOLAR AND WIND ENERGY

The use of solar and wind energy to power 5G base stations has been
explored in various deployments. Solar panels can be installed on base
stations to harness sunlight during the day, while wind turbines can
provide power in areas with high wind speeds. These renewable energy
sources not only reduce the reliance on traditional grid electricity but also
decrease the carbon footprint of the network [15]. However, the variability
of renewable energy sources presents challenges, particularly in mission-
critical applications where a constant power supply is required.

HYBRID POWER SYSTEMS

Hybrid power systems combine renewable energy with grid power to
create a more reliable and sustainable energy source for 5G base stations.
Excess energy generated from solar, or wind power can be stored in
batteries and used during periods of low renewable energy production.
This ensures that base stations have a continuous power supply while
minimizing their reliance on non-renewable energy sources [16].
ENERGY HARVESTING

Energy harvesting technologies, which capture ambient energy from
sources such as Radio Frequency (RF) signals, thermal gradients, and
vibrations, offer additional opportunities for reducing energy consumption
in 5G networks. While still in the early stages of development, energy
harvesting could enable 5G devices and Internet of Things (IoT) sensors
to operate independently of external power sources, further enhancing
network sustainability [17].

3.4 NETWORK SLICING AND ENERGY EFFICIENCY

Network slicing is one of the most significant innovations in 5G, allowing
operators to create multiple virtual networks, or slices, on top of a shared
physical infrastructure. Each slice is tailored to specific use cases, with
unique performance and energy consumption requirements. For example,
a network slice optimized for low-power IoT devices will consume
significantly less energy than a slice dedicated to high-performance
applications such as augmented reality or autonomous vehicles [19].

By dynamically adjusting the resources allocated to each slice, operators
can optimize energy consumption across the network. Slices that
experience low traffic can be scaled down or placed into energy-saving
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modes, reducing waste. This flexibility is crucial for achieving energy
efficiency in 5G, as it allows network resources to be allocated based on
demand rather than maintaining the same level of performance for all
services [19].

H Network Slice 1 Network Slice 2 !

Network as a Service (NaaS)

," VYNFI2 VINF14 VNF22

Infrastructure as a Service ([aaS)

Router

for Network Slice 1 for Network Slice 2 for Slice 1 und 2

Fig 4: Network slicing based on common physical network infrastructure
and virtualization [7]

3.5 SERVICE-BASED ARCHITECTURE (SBA)

Service-Based Architecture (SBA) is another key enabler of energy
efficiency in 5G networks. In SBA, network functions are decomposed
into micro services that communicate via web-like Application
Programming Interface APIs. This modular design allows for more
flexible and efficient resource management, as individual services can be
activated or deactivated based on demand. By reducing the need for
always-on services, SBA can significantly reduce energy consumption in
5@ core networks [20].

SBA also facilitates the deployment of energy-saving features such as
virtualization and dynamic scaling. Network functions can be dynamically
scaled up or down based on traffic conditions, reducing the need for idle
resources to consume power. This level of flexibility and control is
essential for optimizing energy efficiency in complex 5G networks [20].
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3.6 MULTI-ACCESS EDGE COMPUTING (MEC)

Multi-access Edge Computing (MEC) brings data processing and storage
closer to the user by moving it from centralized cloud servers to the
network edge. By reducing the distance that data must travel, MEC not
only improves latency but also reduces the energy required for data
transmission. This is particularly important for applications that require
real-time processing, such as autonomous vehicles and smart city services
[21].

MEC also reduces the load on the core network, allowing for more
efficient use of network resources. By processing data locally, MEC
minimizes the need for energy-intensive long-distance data transmissions,
further contributing to the energy efficiency of 5G networks [21].

4. COMPARATIVE ANALYSIS OF GREEN TECHNOLOGIES

The green technologies implemented in 5G networks must be evaluated
across several key metrics, including energy efficiency, cost-effectiveness,
scalability, and environmental impact. This section provides a comparative
analysis of the most promising green technologies, drawing on data from
both theoretical studies and real-world deployments.

4.1 ENERGY EFFICIENCY

Energy-efficient hardware, such as advanced power amplifiers and small
cells, have been shown to reduce the overall energy consumption of 5G
networks by up to 50% compared to traditional technologies [10]. Small
cells demonstrate superior energy efficiency in dense urban environments,
as they require less power for transmission due to their shorter range. On
the other hand, macro cells remain more efficient in rural and suburban
areas, where fewer base stations are needed to cover larger areas.
Dynamic spectrum sharing and cognitive radio technologies also play a
crucial role in enhancing energy efficiency by optimizing the use of
network resources in real time. These technologies can lead to energy
savings of up to 40% in heterogeneous networks, where radio resources
are dynamically allocated based on traffic demand and network conditions
[13].

4.2 COST-EFFECTIVENESS

The cost-effectiveness of green technologies in 5G depends on several
factors, including deployment location, network size, and technology
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maturity. Energy-efficient hardware, such as advanced power amplifiers
and small cells, can be more expensive to implement initially but lead to
long-term cost savings due to reduced energy consumption and lower
operational costs [10].

For example, small cells, while costly in terms of initial deployment, offer
significant long-term savings in dense urban environments, where their
energy-efficient design leads to lower operational expenses over time.
Additionally, small cells are easier to deploy than macro cells, requiring
less infrastructure investment, especially in areas where large-scale cell
towers are impractical [12].

Renewable energy solutions, such as solar-powered base stations,
represent a high upfront investment but can substantially reduce
operational costs in the long run, particularly in remote or off-grid areas
where grid electricity is expensive or unreliable. The cost of deploying
solar panels or wind turbines can be offset by lower energy bills and
reduced reliance on fossil fuels [15].

The Cost-Benefit Analysis evaluates the financial trade-offs associated
with implementing green 5G technologies. The Long-Term Savings (% )
is calculated as the percentage reduction in costs due to the adoption of
green technologies over traditional methods:

Long — Term Savings (%) = (C”“d“io"“l_cgree" ) x 100 (6)

Ctraditional

Where Cirqaitionar T€Present the cost of using conventional technologies
and Cyreen represents the cost of adopting energy-efficient alternatives
[10,15].

The following table presents a cost-benefit analysis, detailing the upfront
costs and long-term savings of implementing different green technologies
in 5G networks.
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TABLE 3: COST-BENEFIT ANALYSIS OF GREEN 5G TECHNOLOGIES

Long-Term Key Cost
Technol Upfront Cost
echnology piront 208 Savings (%) Drivers
Energy- .
Manufactu
Efficient High 30-50% anuiactuting
, Installation
Hardware
Dense
Small Cells Moderate 40-50% deployment
requirements
. Solar
Renewabl High .
;“;::a © 60-80% panel/wind
gy turbine costs
Cognitive Moderate Software
' 20-40% .
Radio complexity

4.3 SCALABILITY

Scalability is a crucial factor when evaluating the feasibility of green
technologies in 5G networks. While small cells are highly energy-efficient
in dense urban areas, their scalability is limited in rural and suburban
regions, where the population density does not justify the deployment of
large numbers of small cells [10]. In contrast, macro cells offer better
scalability in low-density areas, despite their higher energy consumption
per base station [10].

Dynamic spectrum sharing and cognitive radio technologies are highly
scalable, as they can be implemented across various types of network
architectures and environments. These technologies allow 5G networks to
dynamically adjust their resource usage based on real-time traffic demand,
making them ideal for both large-scale urban deployments and smaller
rural networks [12]. Moreover, the integration of cognitive radio into 5G
IoT devices can enhance the scalability of massive Machine-Type
Communication (mMTC), reducing the energy required to manage
millions of connected devices [13].

29 1st

PART ISSUE5 | December 2024



OURNAL OF
A Comparative Study of Green Technologies in (Sé]a/m

5G Wireless Networks

5. CHALLENGES AND FUTURE DIRECTIONS

While green technologies have made significant strides in reducing the
energy consumption and environmental impact of 5G networks, several
challenges remain. One of the primary challenges is the high upfront cost
of implementing energy-efficient hardware and renewable energy
solutions. Although these technologies offer long-term savings, the initial
investment may be prohibitive for some network operators, particularly in
developing countries where financial resources are limited [15].

Another challenge is the complexity of managing energy-efficient 5G
networks. The integration of dynamic spectrum sharing, cognitive radio,
and renewable energy systems requires advanced network management
tools and algorithms, which are still in the development stage. Ensuring
seamless handovers and maintaining Quality of Services (QoS) while
implementing energy-saving techniques, such as base station sleep modes,
remains a significant technical hurdle [11].

Future research should focus on developing more advanced energy-
harvesting technologies that can be integrated into 5G networks. These
technologies have the potential to further reduce energy consumption by
enabling base stations and IoT devices to operate autonomously using
ambient energy sources. For instance, the development of RF energy
harvesting systems could allow 5G devices to continuously capture and
store energy from nearby wireless transmissions [17].

Artificial Intelligence (AI) and Machine Learning (ML) in network
management also hold promise for optimizing energy efficiency in real-
time based on traffic patterns and network conditions. Al-powered
management systems could autonomously adjust network configurations,
such as base station power levels, spectrum allocation, and beamforming
parameters, to minimize energy consumption without sacrificing
performance [21].
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CONCLUSION

The comparative study of green technologies in 5G wireless networks
reveals that a combination of energy-efficient hardware, green RAN
architectures, network slicing, and renewable energy solutions can
significantly reduce the energy consumption and environmental impact of
5G networks. Each technology offers unique benefits in terms of energy
efficiency, cost-effectiveness, scalability, and environmental impact, and
their integration is essential for achieving sustainable network operations.
Despite the challenges, the adoption of green technologies in 5G networks
presents an opportunity to reduce operational costs and contribute to global
carbon reduction efforts. As the demand for high-performance wireless
connectivity continues to grow, green technologies will play an
increasingly important role in ensuring that 5G networks are both efficient
and sustainable.
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