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Preface

The book is divided into the following four sections:

1. “Introduction”

2. “Green Programmable and Computing Systems”

3. “Green Technologies and Devices”

4. “Green Computing Industry and Applications”

The continuous growth and development of cellular wireless communication 
systems over the last thirty years has resulted in most of the world’s population 
owning smartphones, smartwatches, iPads, and other devices. Almost every person 
has more than one computing device, thus there are billions of devices consuming 
megawatts of power. Therefore it is crucial to design energy-efficient, or “green,” 
technologies and devices. Moreover, due to the rapid advance of technology, many 
people upgrade their devices frequently, which leads to a great number of discarded 
and unwanted electronics. Computers and electronic waste are filling up landfills 
at an alarming rate. These electric devices contain hazardous and toxic materials 
that pollute the environment and endanger the health of local communities. Green 
computing and electronic technologies are employed to combat this environmental 
pollution. Recycling electronic waste, old batteries, plastics, and so on help to 
decrease the environmental pollution. Renewable energy is also a major factor in 
decreasing the environmental pollution. In the last century, the world has suf-
fered from rapid and negative environmental changes, including severe droughts, 
seawater acidification, rising seawater levels, increased depletion of groundwater 
reserves, and the global rise of earth temperature. The rapid spread of diseases, 
viruses, macro-parasites, and the extinction of animal species are the direct result 
of environmental changes. Most of these changes are irreversible. It is obvious in 
2021 to most of the world that green computing technologies are crucial in protect-
ing our universe from environmental hazards and pollution. Countries, govern-
ments, communities, and citizens should act rapidly to save the planet.

Green computing is the environmentally responsible use of computers and their 
resources. Green computing may be considered as the research and study of 
developing, designing, engineering, producing, using, and disposing of computing 
modules and devices to reduce environmental hazards and pollution. Computer 
designers, developers, manufacturing companies, and vendors are investing in 
developing green computing modules and devices by reducing the use of hazardous 
materials and improving the recycling process of computing and digital modules. 
Green computing is also known as green information technology (green IT). 

Green computing main topics and initiatives include:

• Energy consumption: Minimizing the electricity consumption of computers 
and their peripheral devices and using them in an eco-friendly manner.



IV

• Green disposal: Disposing and recycling unwanted computing devices.

• Green development and design: Designing and developing energy-efficient 
computers, servers, printers, projectors, and other digital devices, and using 
energy harvesting technologies in the computer industry.

• Green manufacturing: Recycling electronic components and modules during 
the manufacturing of computers and their peripheral devices. Minimizing 
waste during the manufacturing of computers and other subsystems to reduce 
the environmental impact of these activities.

This book examines innovation in green computing technologies and industry. Each 
chapter covers significant information to enable engineers, students, and scientists 
from all areas to follow and understand the topics presented in the book. The book 
presents new subjects and innovations in green computing technologies and in 
green computing and electronics industries. The main topics presented in the book 
include:

• Chapter 1 “Introductory Chapter: Green Computing Technologies and Industry 
in 2021”

• Chapter 2 “Wideband Systems with Energy Harvesting Units for 5G, Medical 
and Computer Industry”

• Chapter 3 “Internet Connectivity in Building Interiors: Architecture and 
Sustainability Considerations”

• Chapter 4 “Polymer Optical Fiber Splitter Using Tapered Techniques for Green 
Technology”

• Chapter 5 “Eco-Friendly, Green Approach for Synthesis of Bio-Active Novel 
3-Aminoindazole Derivatives”

• Chapter 6 “Green Computing: A Machinery for Sustainable Development in 
the Post-Covid Era”

• Chapter 7 “The Environmental Influence of Tax Regimes in Selected European 
Union Economies”

I want to thank all the chapter authors for their excellent contributions.

Albert Sabban
Kinneret Academic College,

Galilee, Israel

Ort Braude College,
Karmiel, Israel
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Chapter 1

Introductory Chapter: Green 
Computing Technologies and 
Industry in 2021
Albert Sabban

1. Introduction to green computing technologies

Almost every person has more than one computing device. So, there are 
in our world milliards of computing devices that consume a huge amount, of 
megawatts. It is crucial to design energy-efficient computers, servers and Tablets. 
Computer engineers should design and manufacture green computers, servers, 
Tablets, and other computing devices. The computer industry design and manu-
facture every year new computing devices. Appropriately disposing, recycling 
of unwanted computing devices and electronic equipment is a crucial task in 
creating a green environment.

Green computing is the environmentally responsible use of computers and 
their resources. Green computing may be considered as the research and study of 
developing, designing, engineering, producing, using, and disposing of computing 
modules and devices to reduces environmental hazards and pollution. Computer 
designers, developers, manufacturing companies and vendors are investing in 
developing green computing modules and devices by reducing the use of hazard 
materials and improving the recycling process of computing and digital modules. 
Green computing is also known as green information technology (green IT).

In 1992 the Environmental Protection Agency (EPA) launched the Energy Star 
program that boosted Green computing practices.

Green computing practices include the development of environmentally green 
production practices, efficient energy consumption computers, usage of energy 
harvesting technologies, and enhancing disposal and recycling procedures.

Green computing main topics and initiatives:

• Energy Consumption - Minimizing the electricity consumption of computers 
and their peripheral devices and using them in an eco-friendly manner

• Green disposal: Disposing and recycling, unwanted computing devices

• Green development and design: Design and development of energy-efficient 
computers, servers, printers, projectors, and other digital devices. Usage of 
energy harvesting technologies in the computer industry.

• Green manufacturing: Recycling electronic components and modules during 
the manufacturing of computers and their peripheral devices. Minimizing 
waste during the manufacturing of computers and other subsystems to reduce 
the environmental impact of these activities
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The book presents new subjects and innovation in green computing technologies 
and in green computing and electronics industries. The main topics presented in the 
book are listed.

• Green computers, electronics, and computing technologies

• Green renewable energy in computers and electronics

• Developing and manufacturing of energy-efficient computers, servers 
and Tablets

• Recycling and green disposal of computers and digital devices

• Low electricity consumption computers, smartphones, servers and Tablets

• Green production of green computers and digital devices

It is obvious in 2021 to most of the world population that Green Computing 
Technologies are crucial in protecting our universe from environmental hazards 
and pollution. In the last century, the world has suffered from rapid changes 
in climate, water pollution, and air pollution. The universe suffers from severe 
droughts, seawater acidification, rising seawater levels, increased depletion of 
groundwater reserves, air pollution, rivers pollution, and global rise of earth 
temperature. The rapid spread of diseases, viruses, macro-parasites, and the 
extinction of animal species are the direct result of environmental changes. Most 
of these changes are irreversible. Countries, governments, communities, and 
citizens should act rapidly to save the planet. In the last decade we notice that kids 
and young people lead around the world initiatives to decrease air pollution, water 
pollution and climate changes.

The private cars industry, electronic industry, high tech computing industry, 
and the communication industry in the last century depleted and ruined the world 
natural resources. Computers waste, electronic waste, plastics, and food garbage 
contain dangerous chemicals that pollute air, soil, rivers water, sea water, and 
groundwater. These toxic materials cannot be removed from fishes, vegetables, 
fruits, and other food products. These toxic chemicals can be found in fruits, 
vegetables and other food crops, fishes, meat, and corps grown on polluted soil. 
Toxic waste, polluted water, polluted air, and climate changes affect severely first 
children health and grownup health. The universe oceans, rivers, seas, and lakes 
suffer from plastic and chemical waste. Chemical toxics and plastic waste kill 
the ocean and sea habitats in our planet. Hazard materials, chemical toxics, and 
plastic waste kill fishes, birds, and other creatures. Plastic waste poses choking 
and strangulation hazards. Plastic particles are making their way into the bottom 
of the food chain. Fishes and other species swallow plastic waste and become 
contaminated. These creatures are subsequently harvested for human consump-
tion. The contaminated fishes and creatures, hazard toxics, are served in our plate 
and reach our stomach.

Green computing, green electronics, green energy, recycling, and waste 
management and are the important crucial topics and challenges in green 
technologies, green industry, green research and in green innovation. The book 
is divided to three sections. Section one presents innovations in green computing 
and electronic systems. Section two presents green devices and technologies. 
Innovation in green computing technologies and computing industry are  
presented in section 3.
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2. Green computing and electronics technologies

Green electronics and computing are in continuous growth in the last twenty 
years. The communication, wireless communication, electronics, and comput-
ing industries are facing increasing pressure from governments and legislation to 
remove toxic and hazardous material from their devices. There is a continual world-
wide environmental movement to use green materials, green energy, and green 
components in production of communication, electronic devices, and computers. 
There are global series of activities that outline targets for electronic devices re-use 
and recycling. In green computing and green electronic industries, the use of 
hazardous materials such as cooper, lead, plastic materials, and other toxic materials 
is not permitted or limited to decrease pollution and to improve recycling process.

Computers, communication devices, and electronics manufacturers are encour-
aged and challenged to develop electronic devices that are green and environmentally 
friendly. Green communication and electronics manufacturing focuses on using 
green materials, renewable energy, using efficient green devices, using energy 
harvesting units, reduction number of parts in modules and systems, recycling green 
materials, recycling energy, and recycling mechanical and electronic components. 
The book will describe and present development and production of green efficient 
devices that use green energy in computing and electronic industry. In this regard, 
energy harvesting technologies that can be employed to produce, recycle, and store 
green energy are presented in this book. On the other hand, it will present green 
computing systems and devices that are important factors in developing greener com-
puting and electronic industry. Computers, cell phones and other electronic devices 
contain toxic hazardous materials that endanger the environment and, consequently, 
threaten the human health. Recycling of computer and electronic waste minimize the 
amount of toxic hazardous materials in the environment. Computers developers and 
manufacturers should handle and take care of electronic waste seriously with first 
majority. Computers, smart phones, and electronics manufacturers are challenged 
to reduce the amount, of computers and electronic waste and the number of parts in 
the system, by designing products that minimize the amount, of parts in the system 
and of harmful substances and to use parts and components that can be recycled. 
Computers developers and manufacturers are encouraged to develop products with a 
longer lifecycle. This book intends to provide the reader with a comprehensive presen-
tation of green computing, green environmental technologies as a global universal 
standard for projects managers, developers, system engineers and manufacturers.

Main Activities in Green Electronics and Computing

• Green energy

• Minimization in energy consumption

• Green materials

• Electronic waste

• Recycling

3. Green computing- cloud storage and computing services

Cloud storage cut energy consumption, computing expenses such us storage 
maintenance tasks, and purchasing additional storage capacity. Cloud storage 
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provides greener computing services. Cloud storage is a service package in which 
data is stored, managed, backed up remotely and made available to users over a 
network and internet services. Cloud storage is based on a virtualized infrastruc-
ture with accessible interfaces. Cloud-based data is stored in servers located in 
data centers managed by a cloud provider. A file and its associated metadata are 
stored in the server by using an object storage protocol. The server assigns an 
identification number, ID, to each stored file. When file needs to be retrieved, 
the user presents the ID to the system and the content is assembled with all its 
metadata, authentication, and security. The most common use of cloud services is 
cloud backup, disaster recovery, and archiving infrequently accessed data. Cloud 
storage providers are responsible for keeping the data available and accessible, 
and the physical environment protected and running. People and organizations 
buy or lease storage capacity from the providers to store and archive data files. 
Cloud storage services may be accessed via cloud computers and web services that 
use application programming interface, API, such as cloud desktop storage and 
cloud storage gateways.

There are three main cloud-based storage architecture models public, private 
and hybrid.

Public cloud storage services provide a multi customer storage environment 
that is most suited for data storage. Data is stored in global data centers with storage 
data spread across multiple regions or continents.

Private cloud storage provides local storage services to a dedicated environment 
protected behind an organization’s firewall. Private clouds are appropriate for users 
who need customization and more control over their data.

Hybrid cloud storage is a mix of private cloud and third-party public cloud 
services with synchronization between the platforms. The model offers businesses 
flexibility, and more data deployment options. An organization might, for example, 
store actively used and structured data in a local cloud, and unstructured and 
archival data in a public cloud. In recent years, a greater number of customers have 
adopted the hybrid cloud storage model. However, hybrid cloud storage presents 
technical, business and management challenges. For example, private workloads 
must access and communicate with public cloud storage suppliers, so solid network 
connectivity and compatibility are very important issues in this case.

Advantages of Cloud Storage

• By using cloud storage companies can cut their energy consumption, comput-
ing expenses such us storage maintenance tasks, and purchasing additional 
storage capacity.

• Cloud storage provides users with immediate access to a broad range of 
resources and applications hosted in the infrastructure of another web service 
interface.

• Cloud storage can provide the benefits of greater accessibility, rapid deploy-
ment, strong protection for data backup, reliability, archival and disaster 
recovery purposes.

• Cloud storage is used as a natural disaster proof backup. Usually there are at 
least two backup servers located in different places around the world.

• Cloud storage can be used for copying virtual machine images from the cloud 
to a desired location or to import a virtual machine image from any designated 
location to the cloud image library.
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• Storage availability and data protection are provided by cloud storage services. 
So, depending on the application, the additional technology efforts, and cost to 
ensure availability and protection of data storage can be eliminated.

Disadvantages of Cloud Storage

• Decrease in the security level of the stored data.

• Increasing the risk of unauthorized physical access to the data.

• In cloud-based architecture, data is replicated and moved frequently so the risk 
of unauthorized data recovery increases dramatically.

• It increases the number of networks that the data should travel over them. This 
disadvantage does not exist in a local area network (LAN) or in a storage area 
network.

• Data stored on a cloud requires a wide area network.

• A cloud storage company have many customers and thousands of servers. 
Therefore, a larger team of technical staff with physical and electronic access 
to almost all, the data at the entire facility. Encryption keys that are kept by the 
service user, as opposed to the service provider, limit the access to data by service 
provider employees. An amount, of keys have to be distributed to users via secure 
channels for decryption. The keys should be securely stored and managed by the 
users in their devices. Storing these keys requires expensive secure storage.

• Cloud storage is a rich resource for both hackers and national security agencies. 
The cloud store data from many different users and organizations. Hackers see 
it as a very valuable target.

• Cloud storage sites have faced lawsuit from the owners of the intellectual 
property uploaded and shared in the site. Piracy and copyright problems may 
be enabled by sites that permit file sharing.

• Cloud storage companies are not permanent and the services and products 
they provide can change.

• Cloud storage companies can be purchased by other foreign larger companies, 
can go bankrupt and suffer from an irrecoverable disaster.

Cloud Computing.
Cloud computing is an internet computing service that provides shared 

computer resources, stored data to computers and other devices, and computer 
processing resources on demand. Cloud computing provide access to a shared 
pool of configurable computing devices such as servers, computer networks, data 
storage devices, computing applications, and other services. Cloud computing 
relies on sharing of computing resources. Cloud computing services can be rapidly 
provisioned and released with minimal management effort. Cloud computing and 
storage solutions provide users and enterprises with various capabilities to store and 
process their data in privately owned data centers. Cloud computing allows com-
panies to avoid high infrastructure costs such as servers and expensive software. 
Cloud computing allows companies to get their applications up and running faster, 
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with improved manageability and less maintenance costs. Information technology 
teams can rapidly adjust resources to meet unpredictable business demands. Cloud 
computing applies high-performance computing power to perform tens of trillions 
of computations per second. Cloud computing allow organizations to focus on their 
core businesses instead of spending time and money on computer networks. Cloud 
computing and storage solutions cut companies energy consumption.

4. Green renewable energy

Solar energy, wind energy, water energy, and biology fuel are examples of green 
renewable energy. Nuclear energy, fuel, hydrogen, coal, natural gas, and oil are 
nonrenewable energy resources. Light, wind, electromagnetic energy, are employed 
to produce green renewable energy.

4.1 Solar energy

The radiation of the sun is used to produce solar energy. The sun is an infinite 
limitless source of solar energy. Solar cells convert energy from natural light into 
electrical energy through the process of photovoltaics. Using solar energy to gener-
ate electricity minimize the consumption of coal and fuel. Using solar energy results 
in a significand reduction in air and environmental pollution. Solar energy farms 
are presented in Figure 1.

Advantage of Green Solar Energy

• does not emit green-house gases

• Solar energy is Green and clean energy.

• Solar energy offers decentralization of power.

• Solar energy is environment friendly. Solar energy does not rely on constantly 
mining raw materials. Solar energy does not result in the destruction of forests 
and eco-systems that occurs with many fossil fuel operations.

Figure 1. 
Solar energy farms.
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• Solar panels produced today carry a 25 to 30 years warranty.

• Solar energy is not degradable.

• Solar light is a free natural resource

• Solar energy does not require expensive and ongoing raw materials like oil, 
coal, or gas. Solar energy requires significantly lower operational labor than 
conventional power production. Raw materials should not be constantly 
extracted, refined, and transported to the power plant.

• Oil, coal, and gas used to produce conventional electricity is often transported 
cross-country or internationally. This transportation has additional costs, 
including monetary costs, and pollution costs of transport. These costs are 
avoided with solar energy.

• On grid means If the house remains connected to the state electricity facil-
ity it is called on grid connection. If the house has no connection to the state 
electricity facility it is called off grid connection. In this case the facility, house, 
company, business, or a community is relying only on solar energy. The ability 
to produce electricity off the grid is an important advantage of solar energy for 
isolated communities, facilities, and rural areas. Solar energy can be produced 
on or off the grid. Installing power long power lines are significantly difficult 
and very expensive in these rural areas.

• The sun is an unlimited free commodity that can be sourced from several 
locations. One of the major advantages of solar energy is the ability to bypass 
the linkage between politics status and energy price. However, in the fuel 
markets there is a strong linkage between politics status and energy price. Price 
of Solar energy is less affected to price manipulations of politics status, war, 
and international relations. However, politics status manipulations doubled the 
price of fuel in the past fifty years.

Disadvantage of Solar Energy

• Depend on the weather and sun light

• Expensive installation and maintenance

• Consume large area

• Development and production of solar cite is expensive

• solar energy production is relatively inefficient. The efficiency of solar panels 
is less than 30%. This means that a huge amount of surface area is required to 
produce adequate electricity.

• Solar electricity storage technology is expensive, bulky, and more appropriate 
to small scale home solar panels than large solar farms.

4.2 Wind energy

Global efforts to combat climate change, such as the Paris Agreement, renewable 
energy is seeing a continues growth. Cumulative wind capacity around the world 
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increased from around 20,000 megawatts to more than 500,000 megawatts in the 
last fifteen years. Wind power is a popular sustainable, renewable source of power 
that has a small impact on the environment compared to burning coal or fuel. Wind 
energy uses the wind to provide mechanical power through wind turbines to turn 
electric generators for electrical power. The wind kinetic energy is used to operate 
electric turbines and windmills. The turbine’s blades spin clockwise when the wind 
blows, capturing energy. When the wind blows the main shaft of the wind turbine, 
connected to a gearbox within the nacelle, is triggered to spin. The gearbox sends the 
wind energy by the gearbox to the generator. The wind energy is converted to elec-
tricity. However, windmills cannot be operated in a residential area. Offshore wind 
turbines provide steady, reliable clean energy in several countries. Figure 2 presents 
wind energy cites. Wind is a clean source of renewable energy that produces no air 
or water pollution. Wind energy disadvantages include complaints from locals that 
wind turbines are ugly and noisy. The turbines rotating blades kill birds and bats.

Advantage of Wind Energy

• Wind energy is a green and clean energy. Wind energy turbines operation does 
not directly emit any CO2 or greenhouse gases

• Wind energy is plentiful, readily available, and capturing its power does not 
deplete our valuable natural resources.

• Not degradable

• Wind power is cost-effective in many regions. Wind energy is cheap.

• Wind energy offers decentralization of power.

• Wind energy is environment friendly. Wind energy does not rely on constantly 
mining raw materials. Wind energy does not result in the destruction of forests 
and eco-systems that occurs with many fossil fuel operations.

• Wind is a free natural resource

• Wind energy does not require expensive and ongoing raw materials like oil, 
coal, or gas. Wind energy requires significantly lower operational labor than 
conventional power production. Raw materials should not be constantly 
extracted, refined, and transported to the power plant.

Figure 2. 
a. Country wind energy farm b. offshore wind energy cite
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• The wind is an unlimited free commodity that can be sourced from several 
locations. One of the major advantages of wind energy is the ability to bypass 
the linkage between politics status and energy price. However, in the fuel 
markets there is a strong linkage between politics status and energy price. Price 
of wind energy is less affected to price manipulations of politics status, war, 
and international relations. However, politics status manipulations doubled the 
price of fuel in the past fifty years.

• Oil, coal, and gas used to produce conventional electricity is often transported 
cross-country or internationally. This transportation has additional costs, 
including monetary costs, and pollution costs of transport. These costs are 
avoided with solar energy.

Disadvantage of Wind Energy

• Depend on the weather and wind velocity

• Cannot be operated in a residential area

• Consume large area

• Development and production of wind energy cite is expensive, land is expensive.

• Noisy

• Dangerous to birds, bats, and animals

Table 1 presents global wind farms database.

4.3 Hydropower, water energy

Waterfalls and fast running water flow may be used to generate electric energy. 
Water Energy cite is presented in Figure 3. Water flow kinetic energy is converted 
to electric energy. In the late 19th century, hydropower became a source for generat-
ing electricity. The first commercial hydroelectric power plant was built at Niagara 
Falls in 1879. In 1881, streetlamps in the city of Niagara Falls were powered by 
hydropower. Hydroelectricity can be used to store energy in the form of potential 
energy between two areas with different heights with pumped-storage hydroelec-
tricity. Water is pumped uphill into cites during periods of low demand. This energy 
can be released to generate energy when demand is high.

Hydropower Energy Sources

• Rain fall generates water flow

• Waterfalls generate hydropower energy

• High water levels, low water levels and water stream can be used to generate 
hydropower energy

Hydropower Energy Advantages

• Hydroelectricity is green and clean energy compared to other sources 
of energy.
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• Hydroelectricity is not degradable

• Water is a free natural resource

• Hydroelectricity is cheap energy compared to other sources of energy

• Hydroelectricity does not pollute the environment

Disadvantage of Hydropower Energy

• Hydropower energy cites depend on rain fall, snow, the weather, and 
water stream

Area Listed capacity Entries Prices

World 884.2 GW 32,293 1250 €

Offshore 344.5 GW 986 200 €

Africa 8.8 GW 125 75 €

Americas 207.1 GW 3,165 400 €

Asia 328.2 GW 4,612 400 €

Europe 324.4 GW 24,195 800 €

Oceania 15.7 GW 196 100 €

Germany 70,800 MW 11,131 350 €

Brazil 36,476 MW 678 205 €

USA 136,490 MW 1,778 350 €

China 205,567 MW 2,528 350 €

United Kingdom 55,171 MW 1,171 345 €

France 22,252 MW 1,574 350 €

India 33,399 MW 914 205 €

Japan 25,107 391 105 €

Table 1. 
Global wind farms database.

Figure 3. 
Hydropower energy cite.
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• Difficult to be installed and operated in a residential area

• Hydropower energy cites usually are limited to areas with waterfalls

• Hydropower energy cites consume large area

• Development and production of water hydroelectricity is expensive.

4.4 Energy harvesting

The continuous growth in production of portable RF systems increase the 
consumption of batteries and electrical energy. Batteries and conventional electrical 
energy increase the environmental pollution. In last twenty years, the trend of using 
free space energy such us light, heat, electromagnetic energy, vibration, muscle 
motion and other energy sources, has become very attractive and useful. Several 
inventions and methods to produce electricity from green energy sources have 
been presented, see [1–3]. RF harvesting may be useful and recharge batteries only 
if we collect as much RF energy as possible. In this case, energy harvesting units 
can eliminate the need to charge batteries by using electrical cables. It is crucial to 
harvest RF energy from several RF devices and systems. Wideband or multiband 
antennas should be used to harvest as much electromagnetic energy as possible. 
The energy harvesting antenna must meet the system requirements. Due to low 
electromagnetic energy densities in free space, efficient antennas should be used. 
The antennas should radiate efficiently at a specific frequency range and polariza-
tion. The antenna should receive efficiently electromagnetic waves from a wide 
angular angle. To meet this requirement the antenna radiation pattern should have 
a wide beam width. Printed antennas were used to harvest RF energy as presented 
in the literature, [4–10]. Electromagnetic energy harvesting systems capture waves 
propagating in the air. This RF energy is stored and used to recharge batteries and 
other electrical devices. In the last decade there is a huge increase in the amount of 
RF power in the air. The amount, of electromagnetic waves in the air in 2017 was 11 
Exa-bytes per month. The amount, of electromagnetic waves in the air in 2019 was 
33 Exa-bytes per month. However, the predicted amount, of electromagnetic waves 
in the air in 2025 will be around 165 Exa-bytes per month, Table 2. Table 2 presents 
the expected amount of RF wave in the air for 2G, 3G, 4G, and 5G networks. 5G 
devices are forecast to account for 45% of the universe mobile data traffic by 2025.

Energy harvesting system is shown in Figure 4. The electromagnetic harvesting 
unit consists of an antenna, a rectifying circuit, and a rechargeable battery. The RF 
harvesting energy system operates as a Dual Mode harvesting unit. The Low Noise 

Year Total amount of RF 
wave in free space EB 

per month

Amount of RFwave 
in free space EB per 

month
2G, 3G, 4G

Amount of RF wave in free 
space EB per month 5G

2017 11 11 0

2019 33 33 0

2021 60 50 10

2023 100 75 25

2025 164 85 79

Table 2. 
Amount, of electromagnetic waves in the air from 2017 up to 2025.
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Amplifier, LNA, is part of the RF system. The LNA DC bias voltages are supplied by 
the DC unit of the RF system. The programmable array consists of 3 to 4 antennas 
that can harvest RF energy from around 140 MHz up to 18GHz. The total received 
electromagnetic energy is transformed to DC power. The harvesting system consists 
of antennas, matching and feed networks, rectifying circuit, and a rechargeable 
battery. The RF harvesting system function as a dual mode harvesting unit. The 
harvesting unit can be part of a computing network, server, communication sys-
tem, medical, IOT, computer, and smartphone. The LNA bias voltages are supplied 
by the RF system. The energy coupled to the built in test port, -20 dB, may be used 
to recharge a battery.

5. Recycling

Recycling is the process of collecting and processing used materials that would 
otherwise be thrown away as trash. Recycling conserves raw materials and saves 
the additional energy that manufacturers would use producing new products from 
scratch. The continuous growth in development of cellular wireless communica-
tion systems over the last thirty years has resulted that most of the world popula-
tion owning laptops, computers, smartphones, smart watches, I-pads, and other 
devices. As a result, the number of unwanted electronic devices is huge. With 
this huge number of devices being produced and discarded, a new environmental 
disaster strikes our planet. Electronic waste or discarded old electronics are filling 
up landfills and trash storage areas. These electronics waste contain hazardous 
materials and toxic materials that endanger the environment and the health of 
local communities. This electronics waste increase air and water pollution. Green 
electronics and computing technologies are used to decrease environmental pollu-
tion. Recycling of computers waste, electronic devices waste, old batteries, plastic 
waste, and bottles decrease environmental pollution. Recycling saves original 
raw materials. Recycling reduce waste and reduce pollution. Computers recycling 
waste is shown in Figure 5.

Benefits of Recycling

• Conserves natural resources such as cooper, steel. Water and other minerals

• Minimize energy consumption by using recycled devices and parts

Figure 4. 
Dual mode energy harvesting concept.
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• Increases economic security by tapping a domestic source of materials

• Prevents pollution by reducing the need to collect new raw materials

• Reduces the amount of waste sent to landfills

• Saves energy needed to produce new components and materials

• Supports manufacturing companies and conserves valuable resources

• Create jobs in the recycling and manufacturing industries in the United States

• Price of recycled devices is cheaper

6. Innovations and challenges in green computing technologies

In the last fifty years, the world has suffered from significantly rapid changes 
in the planet weather, water pollution, and air pollution. The private cars industry, 
electronic industry, high tech computing industry, and the communication industry 
in the last century depleted and ruined the world natural resources. The universe 
suffers from severe droughts, seawater acidification, rising seawater levels, increased 
depletion of groundwater reserves, air pollution, rivers pollution, and global rise 
of earth temperature. The rapid spread of diseases, viruses, and the extinction of 
animal species are the result of environmental changes. Most of these changes are 
irreversible. Computers waste, electronic waste, plastics, and food garbage contain 
dangerous chemicals that pollute air, soil, rivers water, sea water, and groundwater. 
These toxic materials cannot be removed from fishes, vegetables, fruits, and other 
food products. These toxic chemicals can be found in fruits, vegetables and other 
food crops, fishes, meat, and corps grown on polluted soil. Toxic waste, polluted 
water, polluted air, and climate changes affect severely first children health and 
grownup health. The universe oceans, rivers, seas, and lakes suffer from plastic and 
chemical waste. Chemical toxics and plastic waste kill the ocean and sea habitats in 
our planet. Hazard materials, chemical toxics, and plastic waste kill fishes, birds, 
and other creatures. We should encourage countries, governments, communities, 
and citizens to act rapidly to save the universe. We should encourage companies 
to use green materials, green energy, and green components in production of 

Figure 5. 
Computers waste recycling cite.
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communication, electronic devices, and computers. We should encourage global 
activities to re-use and recycle computers and electronic waste. In green computing 
and green electronic industries, the use of hazardous materials such as cooper, lead, 
plastic materials, and other toxic materials should be limited to decrease pollution.

Computers, communication devices, and electronics manufacturers should 
be encouraged to develop electronic devices that are green and environmentally 
friendly. Computing and electronics manufacturers should use green materials, 
renewable energy, efficient green devices, and energy harvesting systems.

Future Computing and Electronics Green Technologies Challenges and 
Innovations

• Using renewable and harvesting energy in computing and electronic devices

• Using recycled components and devices in manufacturing computers and 
electronic devices

• Design and development of green computers and electronic devices

• Producing cheap solar green energy

• Recycling most of the computers and electronics waste

• Development and production of green cars and airplanes

• We should encourage peoples, young people, and kids to lead around the world 
initiatives to decrease air pollution, water pollution and climate changes.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

Wideband Systems with Energy
Harvesting Units for 5G, Medical
and Computer Industry
Albert Sabban

Abstract

Demand for green energy is in tremendous growth in the last decade. The
continuous growth in production of portable RF systems increase the consumption
of batteries and electrical energy. Batteries and conventional electrical energy
increase the environmental pollution. Compact wideband efficient antennas are
crucial for energy harvesting commercial portable sensors and systems. Small
antennas have low efficiency. The efficiency of 5G, IoT communication and energy
harvesting systems may be improved by using wideband efficient antennas. Ultra-
wideband portable harvesting systems are presented in this chapter. This chapter
presents new Ultra-Wideband energy harvesting system and antennas in frequen-
cies ranging from 0.15GHz to 18GHz. Three wideband antennas cover the fre-
quency range from 0.15GHz to 18GHz. A wideband metamaterial antenna with
metallic strips covers the frequency range from 0.15GHz to 0.42GHz. The antenna
bandwidth is around 75% for VSWR better than 2.3:1. A wideband slot antenna
covers the frequency range from 0.4GHz to 6.4GHz. A wideband fractal notch
antenna covers the frequency range from 6GHz to 18GHz. Printed passive and
active notch and slot antennas are compact, low cost and have low volume. The
active antennas may be employed in energy harvesting portable systems. The
antennas and the harvesting system components may be assembled on the same,
printed board. The antennas bandwidth is from 75–200% for VSWR better than 3:1.
The antennas gain is around 3 dBi with efficiency higher than 90%. The antennas
electrical parameters were computed by using 3D electromagnetic software in free
space and in vicinity of the human body. There is a good agreement between
computed and measured results.

Keywords: green energy, energy harvesting, wideband antennas,
metamaterial antenna, notch, slot antennas

1. Introduction

This chapter presents new Ultra-Wideband programmable communication sys-
tems with energy harvesting modules and efficient compact antennas in frequencies
ranging from 0.15GHz to 18GHz. In last twenty years free space energy in the forms
of light, heat, vibration, electromagnetic waves, muscle motion and other type of
energy, is used to produce green energy. Methods to produce green electricity from
these different types of energy sources have been presented and investigated [1–4].
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Energy harvesting systems provide green energy and may eliminate the need to
replace batteries every day and the usage of power cords. Batteries and cables waste
pollute the environment. To use as much free space energy as possible it is impor-
tant to harvest the electromagnetic power from wideband range of wireless com-
munication systems. In these cases, we should use ultra-wideband antennas.
Moreover, a programmable array with two to four antennas can harvest energy
from 100 MHz to 18GHz. The energy harvesting antenna must satisfy the require-
ments related to the system application. Due to considerably low-power electro-
magnetic energy densities in free space, highly efficient antennas are significant.
Patch, slot, and dipole antennas were employed to harvest electromagnetic energy
[4–7]. Printed antennas are used in communication and medical system [4–25].
Wideband slot and notch antennas may be used in wideband harvesting energy
systems. Slot and notch antennas have low volume, low weight, low cost, and are
flexible. Moreover, a compact low-cost energy harvesting network and matching
network may be produced by integrating the system RF components with the
resonators on the same board. Printed compact antennas are widely presented in the
literature in the last twenty years as referred in [7–25]. Human body effect on the
electrical performance of wearable medical system and antennas at microwave
frequencies should be considered. Electrical properties of human tissues have been
presented in several papers such as [26–27]. Several wearable antennas were
presented in books and papers in the last years as referred in [27–36]. Printed notch
and slot antennas for harvesting energy applications are rarely presented in the
literature. New ultra-wideband wearable antennas for 5G, IOT and medical RF
systems with energy harvesting units are presented in this chapter.

2. Energy harvesting systems for 5G, IOT, medical and computer
industry

In the last decade there is a significant increase in the amount of electromagnetic
energy in the air. Almost every person has a cellular phone tablet and other com-
munication devices. In electromagnetic energy harvesting systems, the electromag-
netic waves propagating in free space may be received by harvesting antennas and
converted to electric energy that is used to charge batteries and for other devices.
The expected amount of radio wave in the air in 2019 was 33 Exa-bytes, EB, per
month. However, the expected amount of radio wave in the air in 2025 is expected
to be 164 Exa-bytes per month, see Table 1. Table 1 presents the expected amount
of radio wave in the air for 2G, 3G, 4G, and 5G networks. 5G is forecast to account
for 45% of global mobile data traffic by 2025. Computations per KWh from 1985 to

Year Total amount of radio wave in
free space EB per month

Amount of radio wave in
free space EB per month

2G, 3G, 4G

Amount of radio wave in
free space EB per month 5G

2015 4.4 4.4 0

2017 11 11 0

2019 33 33 0

2021 60 50 10

2023 100 75 25

2025 164 85 79

Table 1.
Expected amount of radio wave in free space from 2015 up to 2025.
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2018 are listed in Table 2. Energy sources used in harvesting systems are listed in
Table 3. Communication services such as television, GSM, wireless local area net-
works, WLAN, and Wi-Fi covers the frequency range from 0.2 GHz to 5.4 GHz.
Wireless communication systems operate in the frequencies from 700 MHz to
2700 MHz. Medical systems operate in the frequencies from 200 MHz to
1200 MHz. WLAN systems operate in the frequencies from 5400 MHz to
5900 MHz.

RF energy is inversely proportional to distance and therefore drops as the dis-
tance from a source is increased. Harvested power from RF energy sources is lower
than 0.1 mW/cm2. Electromagnetic energy harvesting system is shown in Figure 1.
A programmable array with 3 to 4 antennas can harvest RF energy from 0.15GHz
up to 18GHz. The received RF energy may be combined after transformed to DC
power.

The RF energy harvesting system consists of antennas, matching and feed net-
works, rectifying circuit, and a rechargeable battery. The harvesting energy system
operates as a dual mode RF harvesting system. The harvesting unit can be part of a
medical, IOT, computer, and smartphone. The LNA DC bias voltages are supplied
by the receiving system The Low Noise Amplifier is part of the. The energy coupled
to the transmitting built in test, -20 dB, may be harvested and used to charge a
battery. We can calculate the energy harvesting link budget by using Eq. (1), [8], if

Year Computations per KWh (1E+09)

1985 50

1987 100

1992 1000

1997 10,000

2003 100,000

2008 1,000,000

2010 15,000,000

2012 20,000,000

2014 30,000,000

2016 40,000,000

2018 50,000,000

Table 2.
Computations per KWh from 1985 to 2018.

Energy source Type Efficiency Estimated harvested power

Electromagnetic 0.3 – 5GHz
Wi-Fi, WLAN

�50% 1 μW/cm2

0.01 μW/cm2

Wireless 1-3GHz Wireless �50% 0.1 up to 5 mW/cm2

Light Outdoor or Indoor 10 � 25% 150 mW/cm2

Thermal Human
Industrial

�0.1%
�3%

60 μW/cm2

�1–10 mW/cm2

Vibration �Hz–human
�kHz–machines

20 � 50% �4 μW/cm3

�800 μW/cm3

Table 3.
Energy sources used in harvesting systems.
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the antennas are matched and there are no losses in the medium. However, if the
antennas are not matched and the RF energy propagates in a lossy media, we can
calculate the energy harvesting link budget by using Eq. (2), [8]. Wireless smart
phone using standard 802.11 can transmit up to 1Watt. Free Space Loss (Lp)
represents propagation loss in free space. Losses due to attenuation in atmosphere,
La = e�αr, should be accounted for in the transmission equation.

Pr ¼ PtGtGr
λ

4πR

� �2

(1)

Pr ¼ PtGrGt
λ

4πr

� �2

1� Γtj j2
� �

1� Γrj j2
� �

ata ∗
r

�� ��2e�αr (2)

The attenuation constant is α: Where, Lp ¼ 4πR
λ

� �2. The received power may be
given as: Pr ¼ PtGtGr

Lp

. Losses due to polarization mismatch, Lpol = atarj j2, should also

be accounted. Losses associates with receiving antenna, Lra, and with the receiver,
Lr = ð1� Γrj j2Þ, should be accounted in computation of transmission budget. Losses
associates with the transmitting antenna as written as, Lta = ð1� Γtj j2Þ. Where:
Γr is the reflection coeficient of the receiving antenna:

Pr ¼ PtGtGr

LpLaLtaLraLpolLoLr
(3)

Γt is the reflection coeficient of the transmitting antenna:Pt = Pout/Lt, see Eq. (3), [8].
Pt = Transmitting antenna power. Lt = Loss between power source and antenna.
EIRP = Effective isotropic radiated power. Where, EIRP = Pt Gt, see Eq. (4), [8].

Where,

Pr ¼ PtGtGr

LpLaLtaLraLpolLotherLr

¼ EIRP x Gr

LpLaLtaLraLpolLotherLr

¼ PoutGtGr

LtLpLaLtaLraLpolLotherLr

(4)

Gain, G, in dB; and L, Loss in dB is written as: G ¼ 10 � log Pout
Pin

� �
dB

L ¼ 10 log Pin
Pout

� �
dB.

Figure 1.
Dual mode programmable Array energy harvesting system.
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The received power Pr in dBm may be calculated by using Eq. (5), [8]. The
received power Pr is referred to as the “Carrier Power”. Personal Computer Mem-
ory Cards using standard 802.11 can transmit up to 100 mW.

Pr ¼ EIRP� Lta � Lp � La � Lpol � Lra � Lother þGr � Lr (5)

Figure 2 presents a wideband receiving system, 500 MHz -18GHz, with energy
harvesting units.

Figure 3 presents a wideband transmitting system, 500 MHz to 18GHz, with
energy harvesting units.

Three wideband antennas are employed in the receiving and transmitting sys-
tems presented in Figures 2 and 3. The first antenna covers frequencies from
150 MHz to 0.5GHz. The second antenna covers frequencies from 500 MHz to
6GHz. The third antenna covers frequencies from 6GHz to 18GHz. The receiving
and transmitting systems can harvest energy from 150 MHz to 18GHz. Almost in
every transmitting or receiving channel part of the energy, -10 dB to -20 dB, is
coupled to a built-in test port. This RF energy can be transformed to DC energy and
can be used to charge electrical devices. In the receiving channel the received RF
energy from 150 MHz to 6GHz is transferred via a wideband combiner or SPDT to a
second SPDT that is connected to the 6GHz to 18GHz antenna. The output of the
second SPDT is connected to a third wideband SPDT via a wideband LNA. The LNA
is part of the receiving channel. The output of the third SPDT transfer the receiving

Figure 2.
Wideband harvesting receiving programmable Array system.

Figure 3.
Optimized harvesting transmitting programmable Array system.
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RF energy to the receiving channel or to the harvesting system. A wideband ampli-
fier transfers the received RF signal to the receiver. The received RF energy is
coupled, -10 dB to -20 dB, is coupled to a Built in Test port. This RF energy is
transformed to DC energy and may be used to charge electrical devices. A wideband
switching matrix connects three power amplifiers to three transmitting antennas.
The first antenna covers the frequency range from 150 MHz to 0.5GHz. The second
antenna covers frequencies from 500 MHz to 6GHz. The third antenna covers
frequencies from 6GHz to 18GHz. A DC unit supply the bias voltages to the ampli-
fiers and control the switching matrix state. The harvesting system may consist one
to three antennas according to the system requirements. The antennas may cover
the frequency range from 150 MHz to 6.4GHz only.

3. Wideband 150 MHz to 0.4GHz, energy harvesting antenna

RF energy in the frequency range from150MHz to 500 MHz may be harvested
by a wideband compact metamaterial antenna as presented in Figure 4. The
antenna is a dual polarized printed dipole and slot antennas with Split Ring Reso-
nators and metallic strips. The microstrip loaded dipole antenna with SRR provides
horizontal polarization. The slot antenna provides vertical polarization. The dipole
feed network is printed on the first layer. The radiating dipole with SRR is printed
on the second layer. The thickness of each layer is 0.8 mm. The length of the
antenna with SRR is 19.8 cm. The SRR ring width is 1.4 mm the spacing between the
rings is 1.4 mm. The antennas have been analyzed by using electromagnetic soft-
ware. The matching stubs and metallic strips locations and dimensions have been
optimized to get the best VSWR results. The S11 parameter of the metamaterial
antenna with metallic strips is presented in Figure 5. The antenna bandwidth is
around 75% for VSWR better than 2.3:1.

The antenna radiation pattern is shown in Figure 6. The 3D computed radiation
pattern is shown in Figure 7. Directivity and gain of the antenna with SRR are
around 5dBi.

Figure 4.
Wideband antenna with SRR and metallic strips.

Figure 5.
S11 for antenna with SRR and metallic strips.
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4. Wideband 400 MHz to 6.4GHz, energy harvesting slot antenna

RF energy in the frequency range from 400 MHz to 6.4GHz may be harvested
by a wideband compact T shape slot antenna as presented in Figure 8. The slot

Figure 6.
Radiation pattern for antenna with SRR and metallic strips.

Figure 7.
3D radiation pattern for antenna with SRR.

Figure 8.
A ultra-wide band T shape printed harvesting slot antenna.
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antenna is printed on a dielectric substrate with dielectric constant of 2.2 and
1.2 mm thick. The dimensions of the slot antenna shown in Figure 8 are
116x70x1.2 mm. The antenna electrical parameters were calculated and optimized

Figure 9.
S11 of a wide band printed T shape energy harvesting slot antenna.

Figure 10.
Radiation pattern of a wide band wearable printed T shape slot antenna at 1.5GHz.
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by using ADS software [37]. The S11 parameter of the wideband T shape slot
antenna is presented in Figure 9. The radiation pattern of the wideband T shape slot
antenna at 1.5GHz is shown in Figure 10. The antenna gain is 3 dB.

5. New compact ultra-wideband harvesting notch antenna 5.8GHz to
18GHz

A wideband notch antenna with fractal structure was developed. The notch
antenna is printed on a dielectric substrate with dielectric constant of 2.2 and
1.2 mm thick. The notch antenna is presented in Figure 11. The antenna volume is
11x7.7x1.2 mm. The antenna resonates from 5.8GHz to 18GHz. The antenna band-
width is around 200% for VSWR better than 3.5:1, as presented in Figure 12. The
notch antenna VSWR is better than 3:1 for more than 90% of the frequency range

Figure 11.
A wideband 5.8GHz to 18GHz notch antenna with fractal structure.

Figure 12.
A wideband 5.8GHz to 18GHz notch antenna with fractal structure, S11 results.
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from 5.8GHz to 18GHz. The radiation pattern of the wideband notch antenna with
fractal structure at 8GHz is shown in Figure 13. The antenna beam width at 6GHz is
around 84°. The antenna gain, at 6GHz 3.5dBi. The antenna matching network was
tuned and optimized to get better S11 results at 16GHz to 18GHz. The length and
width of the stubs were tuned and optimized to get better S11 results at 16GHz to
18GHz.

6. Wideband energy harvesting systems and applications

As shown in Figure 1 the programable array energy harvesting system consists
of wideband programable antenna network, a rectifying circuit, and a rechargeable
battery. A rectifier converts AC energy, alternating current AC, to DC energy
(direct current DC). The popular rectifiers are half wave rectifier or full wave
rectifier, [1–4]. A Half wave rectifier is presented in Figure 14. A half-wave recti-
fier conducts only during the positive voltage half cycle. It allows only one half of
the electromagnetic waveform to pass through the load. The rectifier output DC
voltage, VODC, is given in Eq. (6). The rectifier output voltage may be improved by
connecting a capacitor in shunt to the resistor. The half wave rectifier with a
capacitor is shown in Figure 14. Vripple is given in Eq. (7).

VO,DC ¼ 1
2π

ð2π

0

VMAX
O sin ωtð Þd ωtð Þ; ω ¼ 2πf

VO ¼ VS � VDON≈VS ; VO
MAX ¼ Vm

VODC ¼ Vm=π

(6)

Vripple ¼ Vr ¼ Vmax� Vmin ¼ VDC
fCR

(7)

Figure 13.
Radiation pattern of the wideband notch antenna with fractal structure at 8GHz.
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The time constant τ should be lower than T. Where,
τ ¼ RC≪T. The half wave rectifier efficiency is 40.6%. Only 40.6% of the input

AC power is converted into DC power. Where rf is the diode resistance is negligible
as compared to R.

A Half wave bridge rectifier is shown in Figure 15. The bridge full wave rectifier
circuit is used to convert AC energy to DC energy and for DC power suppliers. The
bridge rectifier consists of four diodes D1 through D4, as shown in Figure 15.
During the positive input half cycle, terminal A will be positive and terminal B will
be negative. Diodes D1 and D2 will become forward biased and D3 and D4 will be
reversed biased. The rectifier output DC voltage, VODC ¼ 2Vm=π, The rectifier
output voltage may be improved by connecting a capacitor in shunt to the resistor
as shown in Figure 15.

The half wave rectifier efficiency is 81.2% as presented in Eq. (8). This means
that only 81.2% of the input AC power is converted into DC power. The harvested
voltage from the three antennas is VTotal as written in Eq. (9). The total DC energy is
PTotal as written in Eq. (10). The actual harvested energy is P as written in Eq. (11).

Figure 16.
Ultra-wideband RF system with energy harvesting modules for 5G and medical applications.

Figure 15.
Full wave bridge voltage rectifier with a capacitor.

Figure 14.
Half wave voltage rectifier with a capacitor.
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Figure 17.
Wideband RF energy harvesting panel.

Figure 18.
Wideband energy harvesting metamaterial UHF antenna. (a) the antenna feed network and metallic strips.
(b) Dual polarized UHF energy harvesting metamaterial antenna with four SRRs.
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Figure 19.
A photo of wideband energy harvesting slot antenna, 400 MHz - 6 GHz.

Figure 20.
Wearable body area network with energy harvesting system for medical applications.
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η ¼ DCoutputpower
ACinputpower

¼
2Im
π

� �2
R

Im
2

� �2
Rþ rfð Þ

0:812 (8)

VTotal ¼ V1 þ V2 þ V3 (9)

PTotal ¼ V2
Total

R
¼ I2mR (10)

P ¼ 0:81PTotal ¼ 0:81
V2

Total

R
¼ 0:81I2mR (11)

A Schottky diode may be used in the rectifier circuit. Schottky diodes are semi-
conductor diodes which has a low forward voltage drop and a very fast switching
action. There is a small voltage drop across the diode terminals when current flows
through the diode. The voltage drop of a Schottky diode is usually between 0.15 and
0.4 volts. This lower voltage drop provides better system efficiency and higher
switching speed. A normal diode has a voltage drop between 0.6 to 1.7 volts. RF
energy harvesting systems can be used to charge wearable devices. Ultra-Wideband
RF System with energy harvesting modules for 5G and Medical applications is
shown in Figure 16. Figure 16 presents a wearable harvesting system with a wear-
able battery charger attached to a patient shirt. A wideband energy Harvesting
panel with three antennas is presented in Figure 17. The panel dimensions are
20x12x0.02 cm. This panel can harvest energy in frequencies from 150 MHz to
18GHz as part of communication, medical, and IOT systems.

Figure 18 presents a photo of a wideband metamaterial antenna with metallic
strips, 150 MHz �0.5GHz. Figure 18a presents the antenna feed network and the
metallic strips. Figure 18b presents the dual polarized metamaterial antenna with
four SRRs. Figure 19 presents a photo of a wideband T shape slot antenna, 420 MHz
�6.4GHz. These antennas can be used to harvest RF energy to charge wearable
devices and sensors. The UHF dual polarized antenna can be attached to the patient
stomach or back. The wideband T shape slot can be attached to the patient stomach
or back. The wideband compact notch antenna can be also attached to the patient
stomach or back. These antennas provide a wideband wearable communication
system with a wideband RF harvesting system. Wearable Body Area Network with
energy harvesting system for medical applications is presented in Figure 20.

A comparison of computed and measured results of compact wearable antennas
for medical, 5G and IoT systems is listed in Table 4. Printed dipoles with and
without SRR were presented in [9–10].

Antenna Frequency
(GHz)

Bandwidth
%

VSWR Computed Gain
dBi

Measured Gain
dBi

Printed dipole [9] 0.43 5–10 2:1 2–3 2–3

Dipole with SRR 0.4 8–12 2:1 5–7 5–7

Dipole (SRR and strips)
[10]

0.14 to 0.42 UWB 2.5:1 5–7.5 5–7.5

Slot [10] 1 to 4 UWB 2:1 3 3

T shape slot [10] 0.4 to 6.4 UWB 3:1 3 3

Notch [10] 6 to 18 UWB 3:1 3 2–3

Table 4.
Comparison of electrical characteristics of energy harvesting antennas [9–10].
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7. Conclusions

This chapter presents new Ultra-Wideband energy harvesting system and
antennas in frequencies ranging from 0.15GHz to 18GHz. Three wideband antennas
cover the frequency range from 0.15GHz to 18GHz. A wideband metamaterial
antenna with metallic strips covers the frequency range from 0.15GHz to 0.42GHz.
A wideband slot antenna covers the frequency range from 0.4GHz to 6.4GHz. A
wideband fractal notch antenna covers the frequency range from 6GHz to 18GHz.
The electromagnetic energy is converted to DC energy that may be employed to
charge batteries, wearable medical devices, IOT, laptop batteries and commercial
Body Area Networks, BANs. The harvesting energy system operates as a dual mode
RF harvesting system. The harvesting unit can be part of a medical, IOT, computer,
and smartphone. The notch and slot antennas were analyzed by using 3D full-wave
software. Harvested power from RF transmitting links is usually lower than 0.1 μW/
cm2. All antennas presented in this chapter can operate also as active antennas.
Active antennas may improve the energy harvesting system efficiency. The wide-
band RF energy harvesting system consists of wideband antenna, DC and control
unit, a rectifying circuit, and a rechargeable battery. The harvesting energy system
operates as a Dual Mode Energy harvesting system. The active devices DC bias
voltages are supplied by the communication system. The wideband programmable
energy harvesting panel can harvest energy in frequencies from 150 MHz to 18GHz
as part of communication, medical, and IOT systems. The antennas presented in
this chapter provide a wideband wearable communication system with a wideband
RF harvesting system. There is a good agreement between computed and measured
results.
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Chapter 3

Internet Connectivity in Building 
Interiors: Architecture and 
Sustainability Considerations
Zebun Nasreen Ahmed and Mohammad Tanvir Kawser

Abstract

This paper addresses the issue of connectivity and its relationship to the  
architecture of spaces. The internet of things and wifi technology is coming into  
the forefront of lifestyles in present times. We tend to spend much of our life 
activities using devices that need internet connectivity, wifi coverage, both indoors 
and outdoors. The technology behind it is also in the process of shifting gears, from 
3G to 4G to 5G soon. However questions arise: How suitable are existing buildings 
for the sorts of internet technology that are predicted for the future? And how can 
the coverage and connectivity issue be addressed to give greater efficiency to new 
buildings? Will we require greater open layouts that give more visual connectivity 
within interior spaces to permit efficient connectivity between routers, boosters 
and appliances? The expertise of both Architects who design spaces, as well as 
RF Engineers who are responsible for setting up the internet systems within the 
spaces are involved in efficiently handling these queries. The paper incorporates 
recent studies have revealed that certain building materials may be more suited to 
Wifi penetration, while others act in a more opaque way. Architects are the main 
decision-makers regarding the final choice of such questions, but they have very 
little grounding in the technicalities involved related to connectivity issues. It is 
important to have them focus on these questions and seek answers through multi-
disciplinary forums, thus also to deepen collaboration between the related profes-
sionals, in order to create more Wifi connectivity in building interiors. From the 
user perspective, this is a vital need, as the user of today spends enormous amounts 
of time at these electronic, computing devices that require uninterrupted and  
quality connectivity. It thus also becomes a question of sustainability.

Keywords: wifi connectivity, architecture, propagation losses, sustainability,  
multi-disciplinary approaches

1. Introduction

This book discusses issues about emerging technologies and the computing 
industry, and the focus of this chapter is on internet connectivity within building 
interiors. The chapter begins with a background on the needs for such connectivity, 
why Architects need to be concerned with such technical matters, and the need for 
a multi-disciplinary approach to the issue. It then elaborates on some of the key 
concepts of connectivity that affect the architecture of spaces, extracting from a 
study done by the authors, to determine building interior components that affect 
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connectivity, impacting propagation of radio waves. The results of the study point 
to certain interior features and their design, to increase efficiency of the system, 
and minimize propagation losses.

In the discussion, conflicts, between best design scenarios focused on the con-
nectivity issue, and satisfaction of other demands on internal spaces, are revealed. 
The field is still very new, as development in internet connection and propagation 
is progressing exponentially, with improvements taking place almost continuously. 
And if there is a gap in the transfer of knowledge, regarding what is required for 
good propagation, and what is being designed to house these systems, there is likely 
to be a clash of intentions, resulting in inefficient systems, and reduced user satis-
faction. It is the intention of the authors, through this chapter to bring awareness to 
these inter-related issues, and to the need for collaboration, between the different 
professionals designing and implementing the spaces, on the one hand, and the 
systems, on the other.

In a nutshell, the chapter addresses the issue of the Internet of Things (IoT), 
wireless connectivity and related issues, as affected by the architecture of built 
spaces. Based on a recent study completed at BUET on the subject, and on related 
research, the issues are looked at broadly, from an architectural point of view, and 
steps that need to be addressed immediately to resolve these, are touched on, with 
suggested guidelines.

2. Lifestyle changes and need for connectivity

There has been a major shift in lifestyles caused by the Fourth Industrial 
Revolution (4IR). This revolution can be defined as a new chapter in human 
development, built on the previous three industrial revolutions that had shaped life 
since the mid-eighteenth century onwards: the first developing from water/steam 
power, the second from electric power, just before the beginning of the twentieth 
century, and the third building on developments in electronics and information 
technology, in the second half of the twentieth century [1].

This fourth revolution, begun at the turn of this century, has been enabled by 
extraordinary technological advances, superseding the three preceding develop-
ment phases, and here we see a fusion of technology, which blurs the lines between 
the physical, digital and biological spheres. This affects the way that the world is 
developing in three ways – the speed/pace (exponential) at which changes take 
place, the scope of the changes (due to unprecedented processing power, access to 
knowledge, artificial intelligence, blurring of boundaries, digital, nanotechnology, 
material science, etc), and the impact of the systems (on production, management 
and governance). And from the point of view of life, this fourth industrial revolu-
tion has completely changed the lifestyle of humans. Those who can take advantage 
of this revolution are the ones that will see progress, others will lag behind. And the 
scale of the gap will increase incrementally, given the tremendous force and inter-
connectivity of the phenomenon.

The 4IR has ensured the passage of the internet of things and wireless tech-
nology into the forefront of life activities nowadays. The profusion of internet 
and information technology has led people to spend more and more time at their 
computers, smart devices and cell phones, spending their work time using these, 
and their leisure time enjoying them. Smart devices are used for functions rang-
ing from communication, both officially and socially, to shopping, internation-
ally and locally, to virtual meetings and social media, and has likewise extended 
to virtual education and training. This changed behavior has led the media to 
refer to today’s youth as the ‘indoor’ generation, and research finds that around 
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90 percent of people spend close to 22 hours indoors each day in the developed 
world [2], at the present time.

Throughout history, people have tried to adapt Indoor conditions to suit their 
needs, and based them on their available resources and know-how. But the needs, as 
well as available knowledge base, have now changed very rapidly, and it is becoming 
important to examine how suited today’s built spaces are, to accommodate these 
new needs, given the technology available to us. There are two major avenues of 
investigation here: whether the buildings allow proper conditions needed for such 
exchanges and activities, and whether the buildings can protect humans from any 
adverse effects of these exchanges.

Moreover, the technology behind the internet of things, is also in the process 
of shifting gears, from 3G to the present 4G, which is being upgraded to 5G soon. 
Up until now, this domain has been dominated only by RF (Radio Frequency) 
engineers, those who focus their expertise on the propagation of radio waves, and 
on their efficient and seamless transmission. RF Engineers work on improvement of 
the performance of wireless communication, by ensuring good RF signal strength 
at the receiver [3]. The need for Architects to be involved in these considerations is 
paramount at the moment, as it is they who are primarily responsible for designing 
and shaping the built environment, where all this propagation is to take place. They 
are the ones who will be ascertaining the arrival and receipt of any propagation, and 
thereby the success of such connectivity issues.

3. The building Internet of things (BIoT)

The Internet of Things (IoT) is expanding exponentially, with improvements 
in connectivity and the related technology. It is now an important instrument, in 
the process used to communicate with society, and is thus increasing the par-
ticipatory approach to a myriad of things. This phenomenon is driving much of 
human activity, and is one of the most compelling factors that are making humans 
into sedentary beings, focussed solely on indoor living. When considered within 
buildings themselves, this phenomenon is termed BIoT, or Building Internet of 
Things (BIoT).

Another important innovation of recent times, is related to connectivity of 
equipment within ‘smart’ buildings, i.e. buildings having automated solutions for 
security, safety, energy management, comfort, entertainment, health, and so forth, 
all dependent on machine to machine (M2M) communication. This too is now 
becoming an integral part of BIoT and daily living, and occupants now depend on 
smart solutions within buildings, to ensure much that was previously under the 
domain of behavioral response, like adjusting window openings for thermal com-
fort, or controlling lighting level manually or using curtains and so on. In a smart 
building, service robots, and other devices for desired control, can be programmed 
to perform many of these activities, using 4G or 5G platforms, as indicated in 
Figure 1 [4].

Recent studies have revealed that certain building materials and their proper-
ties may be more suited to wireless signal penetration, while others are relatively 
opaque. Since Architects are the main decision-makers, regarding the final choice of 
such questions as above, while they have very little grounding in the technicalities 
involved, it is important to have them reflect on such questions, and seek answers 
through multi-disciplinary forums, thus also to deepen collaboration between 
the related professionals, in order to create more wireless connectivity in building 
interiors. From the user perspective, this is a vital need, as the user of today spends 
enormous amounts of time at these electronic, computing devices that require 
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uninterrupted and quality connectivity. It is seen, therefore, that the performance 
of wireless communication is finding more direct bearing on the satisfaction level 
of users of the building, contributing thus to both their performance, as well as user 
comfort, above and over issues of comfort in terms of other environmental vari-
ables. It is becoming increasingly important now, to initiate studies on this aspect of 
comfort, as an added dimension of evaluating building performance, in a way that 
was in the past studied with reference to thermal and visual comfort issues.

4. The question of sustainability

In addition to the above considerations, any building activity or development 
today must be sustainable, and the business-as-usual model comes with inherent 
risks to the planet and continued human existence. This requires us to look at the 
issue in several separate dimensions. As buildings are one of the highest consumers 
of electricity, and Architects are largely responsible for their design, it is imperative 
that they be conversant with all the pathways in which energy efficiency can be 
achieved in buildings. Good internet connectivity within buildings too, is directly 
affected by the design of buildings. It, therefore, becomes incumbent to look at 
whether the satisfaction of these two requirements, for connectivity, and for 
efficiency, cause contradictory physical manifestations in building design.

Sustainability, considering the internet issue, can thus be approached, through 
an examination of connectivity needs, and any potential conflicts that they pres-
ent, with other human and environment related issues. This involves studying the 
main linkages, synergies, and trade-offs with other issues, e.g. of health, comfort 
and productivity, bio-diversity, etc. As the issue of sustainability is intrinsically 
related to acceptance by user groups, it is also important to examine connectivity 
“solutions” available to the public and private sectors, their desirability, accep-
tance, affordability and other such factors, so that whatever solution is adopted 
for a building is inclusive, does not increase divides between different groups. This 
human factor is also one of the key indicators of sustainability.

Figure 1. 
Automated devices using 4G or 5G platform in smart buildings [4].
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5. SDGs, internet connectivity and architecture

A short discussion on the UN sustainable development goals (SDGs) set up in 
2015, and the intrinsic interlink with the world-wide-web and internet connectivity 
is given below. If the spaces that serve such connectivity are not designed with seam-
less connectivity in view, there is no doubt that it will not be possible to achieve these 
goals. SDGs require that governments, private sector, civil society and citizens should 
partner together, aiming for a better planet for future generations [5]. And the road 
map to achieve this, banks largely on incorporating creativity, know-how, technology 
and financial resources available.

Goals 1 and 2 relate to deprived populations; no poverty and zero hunger. 
Much of poverty arises due to lack of opportunities, which is a direct result of not 
having proper access to available options of employment, business outlets, and 
so on. Clearly, these goals are interconnected, and cannot be tackled in isolation. 
Information exchange is vital, populations require to be connected through cell 
phones, etc. Goals 3 and 4, regarding health and education, are likewise related to 
connectivity. Proper monitoring, access, etc. are all dependent, on how easily infor-
mation can be transferred from place to place, in order to stem problems at source. 
The internet is vital for present-day education, which can serve to be a tool, tackling 
the lack of libraries and information. Goal 8, decent work and economic growth, 
and Goal 9, industry, innovation and infrastructure, and again depend on increased 
connectivity, and the related issue of spaces and their design.

Goal 11 is directly about cities and thus architecture, and the way the built 
environment impacts our planet. The design of cities and urban areas affects the 
passage of internet connectivity, due to building positioning, spacing, material use 
and so forth, and thus decisions that impact these, are the direct concern of all the 
related professionals being discussed here.

Goal 12 relates to responsible consumption and production, and is also heavily 
dependent on internet availability. Connectivity within groups is vital to any busi-
ness activity, therefore, the spaces where people produce, i.e. industries, and their 
design are vital in meeting this goal. Consumption is part and parcel of everyday 
living, and sustainable practices call for reduction, reuse and recycling, i.e. circular 
economies. Again connectivity is vital, to ensure that the system works properly 
and promptly, to avoid clogs and blockages within the flow.

Goal 13, is to control climate change. This is all pervasive, requiring attention to 
the design of built spaces, which is largely responsible for the carbon footprint and the 
consumption of resources on our planet. Buildings designed to conserve energy and use 
natural resources are important, just as are automated systems within buildings, which 
can monitor variables, and largely offset much waste of energy, and maintain the effi-
ciency of systems. Such systems again cannot function without internet connectivity.

Goals 16 and 17 relate to people’s issues and their participation. Connectivity and 
platforms for voicing opinions are imperative to achieve these, making the internet 
and spaces of use directly related to their success.

The above points have been raised, to underline the importance of treating the 
issue of connectivity as a key part of architecture considerations, and to the attain-
ment of many of the SDGs. The need for the professionals to collaborate in the 
design of buildings, and spaces in between, is clear from these parallel associations.

6. Research relating architecture with RF matters

Architects, through their training, look at challenges existing in a given situation, 
and on means to address them through holistic solutions. Till recently, environmental 
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forces were largely natural, but since the age of the information technology, the 
profusion of high frequency propagation has introduced a new dimension to ensure 
proper functioning, and with it are related health issues. The problem has been 
under the sole jurisdiction of Radio Frequency (RF) Engineers, who specialize in 
devices and transmission using and operating on radio waves, i.e. wireless devices 
like mobiles, which are largely becoming the centre of existence of modern lifestyles. 
But research shows that the efficiency of RF transmissions and reception, seems to 
be intrinsically associated with the design of spaces. It is therefore becoming impera-
tive that Architects work hand-in-hand with RF Engineers, to create environments 
that are conducive to proper utilization of available RF regimes, to ease unnecessary 
losses, which can result in poor connectivity and energy inefficiency. This section 
summarizes a study done at BUET [6] and its follow up, to investigate the issue of 
internet connectivity and its connection to architecture.

6.1 Options for wireless service

The first point highlighted in the study is that building occupants are now 
demanding increasingly higher data rate, as new applications are emerging. 
Examples of these are: Augmented Reality (AR), Virtual Reality (VR), Mixed 
Reality (MR), and Extended Reality (XR). The global mobile data traffic is expected 
to increase from 19.01 exabytes per month in 2018 to 77.5 exabytes per month by 
2022, at an annual growth rate of 46 percent [7].

The wireless connectivity in the building can be supported by many different 
technologies, as shown below.

1. Long Range High/Moderate Power: 3G/4G/5G cellular system.

• For IoT devices, Narrowband-IoT (NB-IoT) or Extended Coverage GSM 
(EC-GSM) can be used.

• In-Building Solutions (IBS): femtocells, picocells and Distributed Antenna 
System (DAS)

2. Short Range High Speed: Wi-Fi. For IoT devices, a version, called Wi-Fi HaLow 
(IEEE 802.11ah), with lower power consumption, has been introduced.

3. Short Range Moderate Speed: Wireless Personal Area Network (WPAN)

• Bluetooth and BLE (Bluetooth Low Energy): Originally, standardized as 
IEEE 802.15.1 for operation in ISM radio bands.

• ZigBee: Standardized as IEEE 802.15.4 for operation in ISM radio bands.

• Thread: An IPv6-based, low-power mesh networking technology for IoT 
products.

• Z-Wave: A low-power mesh networking technology, primarily used for home 
automation.

4. Long Range Low Power: Low Power Wide Area Networks (LPWAN)

• Sigfox: A global cellular based network operator that supports IoT products 
at low-power.
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• LoRa: A cellular based technology that supports IoT products at low-power.

• Waviot: A wireless technology that uses low-power and primarily, supports 
electricity meters and water meters.

• Ingenu: A provider of wireless networks that supports IoT products at 
low-power.

• Weightless: A set of open wireless technology standards that supports IoT 
products at low-power.

The chosen option for any particular building, will be affected by the geometry 
of the space, and its material quality. Therefore, contributions from architects can 
ease the job, towards ensuring proper wireless coverage and connectivity. Architects 
and RF engineers can complement each other, to address the growing challenge 
better. Green architecture considerations, apart from the physical features of the 
built spaces, can incorporate suggestions for various other measures, for example, 
solar panels, thermal mass building construction, green materials, including wood, 
stone, or earth, recycled waste materials, and so forth.

Architectural intervention can improve wireless signal coverage, by ensuring 
maximum signal power, minimizing interference to its path. Such intervention is 
significant, since the building will undoubtedly last much more than a few decades, 
and should thus be ready for the rapid changes that are predicted in the wireless 
support arena. However, there has not been enough engagement of architects in this 
area so far, and mostly, analytical discussions have been made in this regard [8], 
restricted within RF engineering circles, often beyond the knowledge of Architects.

6.2 Shifting gears: from 4G to 5G

4G has changed the life of people, but 5G is set to change society in its entirety. 
While the key focus of the developers for generations up to 4G, has been to improve 
data rate support, 5G has an additional focus, which is to support numerous use 
cases, with diverse technological requirements. These use cases are categorized 
with three basic types of requirements as shown below [9], all of which are seeing 
increasing applicability in new urban paradigms:

1. Enhanced Mobile Broadband (eMBB): The basic requirement of the eMBB use 
cases is very high data rate and its examples are, live HD videos, VR, and AR.

2. Massive Machine-Type Communications (mMTC): The basic requirement of the 
mMTC use cases is massive density of user devices, with each requiring very 
low data rates. Its example is Internet of Things (IoT) devices.

3. Ultra-reliable low-latency communication (URLLC): The basic requirements of 
the URLLC use cases are very low latency and very high reliability. Its examples 
are vehicular communication and automation in the industries.

The categorization of various use cases towards the three classes for 5G is 
illustrated in Figure 2 [9].

Another complication in wireless connectivity, arises from the rapid changes 
taking place in the related technology. Due to the exponential growth of internet 
use, the lower frequencies of propagation are getting saturated. Service provid-
ers have incrementally shifted from 2G to 3G to 4G in the space of fewer than 
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2 decades, and are now geared to shift to 5G coverage. So cellular operation, 
functioning at frequencies below 6 GHz, were suitable for systems designed for 
propagations up to 4G. However, the need for 5G cellular systems is to encompass 
much higher frequencies – starting from 500 MHz to 100 GHz. The BUET study 
[6], identified the following issues as the reason for wireless service in the buildings 
becoming increasingly challenging:

• the growth in individual data rate demand,

• the growth in the number of wireless devices, especially, BIoT devices,

• the use of BIoT devices at deeper locations in buildings, and

• the use of higher frequencies.

Ensuring proper radio coverage gets much more challenging, as the frequency 
increases, which is displayed in the three categories of use cases fit into the spectrum 
of 5G (Figure 3). Evidently, IoT based applications, typically, require low data rate 
and extended coverage, and thus, they suit lower frequencies. On the other hand, 
HD videos, VR, and other high data rate applications, require wide bandwidth and 
thus, high frequencies are used to facilitate eMBB. Similarly, URLLC applications fit 
in what ranges up to moderately high frequencies.

Building design, clearly plays an important role in wireless connectivity. 
Undoubtedly, existing buildings will have their own difficulties in addressing the 
connectivity issues, but proper attention to the related problems is of paramount 

Figure 2. 
Categorization of various use cases towards the three classes for 5G [9].
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importance, for making new buildings suitable to this need, at the earliest design 
stages. This will ensure proper connectivity, as well as, user satisfaction, while 
addressing any adverse effects that this very propagation may have, on human 
well-being and health.

6.3 The building interior and internet connectivity

This section looks at internet connectivity, as it is affected by the design of 
interior spaces. Previous studies, have pointed out the role of penetration losses of 
various building materials, a quality that largely affects internet connectivity. Good 
connectivity can cause more homogenous data rate within buildings, thus operating 
at lower transmit power, conserving their batteries and affecting energy efficiency. 
An architect’s consideration of wireless coverage at the design stage, can help 
improve coverage significantly. It is an established fact that signal coverage signifi-
cantly depends on the nature of the space, and its bounding surfaces [3]. However, 
there is very little work done on establishing these qualities of building materials 
used in everyday construction.

Addressing this gap, penetration loss levels of some common building materials 
were determined, as part of the BUET study. The research also related the measured 
data with other existing information. Based on those measurements, taking into 
account the scope of architectural design, some guidelines were proposed for 
architectural intervention, to address the growing challenge of supporting wire-
less services in buildings. As an outcome of this research, a MATLAB program was 
developed, using radio propagation theories, which an architect can use during the 
design phase, to predetermine the impact of the proposed use of different penetra-
tion losses of building materials at various frequencies.

6.4 Effects on building design

Studies show that there is a sharp penetration loss at higher frequencies, in 
typical commercial buildings [10], which use infra-red reflective glass facades, 
in order to achieve energy efficiency. This will likely have grave consequences on 
internet connectivity, when the transmission source is outdoors. Propagation losses 
in interiors, either due to partitions, or space layout, are also considerable at these 
higher frequencies, and are dependent on the materials used in the layering of the 
spaces. Such consequences are likely to affect the ‘smart’ indicators within building 
interiors, which largely depend on M2M.

Surprisingly, the higher the operating frequency, the faster is the deterioration 
of radio frequencies, and so the distance, between the transmitting source and 
receiver in building interiors, needs to be controlled. Another important factor 
is the path that the wave has to travel between these two points. The higher the 

Figure 3. 
Distribution of the categories of use cases within the Spectrum for 5G [9].
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frequency, the less its ability to bend around obstacles, therefore requiring more 
direct visibility/paths between the points. This puts additional restrictions on 
the design of spaces, than previously encountered. Thus, clearly, both the build-
ing structure, and interior partitions can severely obstruct signal strength and 
internet connectivity, which will result in high propagation losses. This in turn 
will affect the battery life of the devices, which in itself is challenging under pres-
ent options, as in many instances they are irreplaceable. Corrective measures like 
setting up an IBS (in-building solution) is often not feasible for small buildings or 
residences.

It is important for Architects, as well as interior designers, to be involved in the 
design and setting up of the wireless connection system, as space layout and the 
materials chosen, are all decisions taken by the Architect, and an understanding 
of these issues needs to be one of the considerations, that determine the ultimate 
design of the interior.

7. Suggested guidelines

This section summarizes the main guidelines suggested as a result of the BUET 
study [6]. The first of the guidelines concerned the choice of materials for internal 
partitions. Concrete and infrared reflective (IRR) glass exhibit high penetration 
losses. Loss due to concrete, takes place on account of it being a very heavy and 
dense material. Loss from IRR glass, which is not a heavy material, happens due to 
the reflection of a major part of the signal. On the other hand, plain glass and parti-
cle board exhibit low penetration losses, as they are light materials. Also, the higher 
the number of layers of a material used in a partition, and hence the thickness of the 
tested material, the higher was the measured penetration loss, with the loss increase 
being non-linear. In general, clear glass and particle board were found to be low 
penetration loss materials, while concrete and IRR glass was found to present high 
penetration losses at the frequencies they were tested for. For higher frequencies the 
loss would be likely to increase exponentially, pointing to the problems that would 
be encountered, in a shift from 4G to 5G transmission scenarios.

A stepped process of design was suggested for design to incorporate internet 
connectivity within buildings. Firstly, Selection of Options for Wireless Service, 
needs to be considered during building design, suitable for the particular wireless 
service option chosen. If the wireless signal from an outside cellular base station, 
seems sufficient for the wireless service in the building, then neither IBS nor Wi-Fi, 
Zigbee, WiGig, etc. are required. Then the architect should design, ensuring that 
the signal from outside can enter the building adequately, i.e. taking particular care 
of the building fenestration.

However, if an IBS is selected, the architect should design for better coverage 
from the IBS. If Wi-Fi, Zigbee, WiGig, etc. are selected, the installation locations 
of the sources may be pre-designed in the building, similar to designs produced for 
electric lights and plumbing. During the design phase, the architect may use indoor 
radio planning tools, and perform simulations, to check the potential wireless 
coverage, thereby making valuable adjustments in the architectural design of the 
building, to improve coverage and signal paths. A few indoor radio planning tools 
are currently available, like iBwave.

The second step would be to focus on connectivity issues related to architectural 
design. For any wireless service option, open planning inside the building can help 
signals propagate better, and pervade throughout the whole building, as the wire-
less coverage will be dependent on uninterrupted paths within the building. The 
following points were highlighted to ensure smooth paths and transmission:
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i. Open plan can be used, especially, allowing more LOS links for the propaga-
tion of radio wave. The open plan concept for buildings is already popular, 
with less walls to cut off the area, an open plan gives the appearance of more 
space, which is further compounded by the abundance of light. Since in the 
case of open plan, the design attempts to avoid the use of real partitions, it 
allows the best propagation of the radio signal.

ii. Voids, corridors, room size, and so forth, can be incorporated to allow the 
geometry of space to enhance the openness.

iii. Larger room sizes can be designed for the given design brief.

iv. Long, unobstructed corridors will also allow smooth propagation

v. To improve the link between floors, vertical atriums or voids can be used

vi. Both hard and soft partitions can be used with careful design. An appropri-
ate setting of hard and soft partitions can help allow the desired signal, and 
block any interference signals. However, this requires proper knowledge and 
record, of the penetration loss for various building materials, and its varia-
tion with increasing frequencies.

vii. The use of glass walls, within open plans can enhance desired signal power. 
Once the signal strengths are determined, low height walls or partitions can 
be used towards the desired signal, and high walls or partitions can be used 
towards any interference signal.

viii. Similarly, thin walls or partitions can be used towards the desired signal and 
thick walls or partitions can be used towards any interference signal.

ix. The position and orientation of hard or soft partitions can be carefully 
chosen, depending on the position of user devices, the desired signal source, 
and the interference signal source.

x. Multiple reflective walls, fringes or louvers may be used carefully to cause 
multipath signal bounce and get to the receiver.

The suggested guidelines have been presented for the consideration of an 
architect, but they also create awareness within other professionals, particularly 
RF Engineers, of the need to collaborate during the design phase, in order to 
bring relevant connectivity issues to the design board. The possible outcome of 
such collaboration and the architect’s contribution can be summarized as follows.

a. It can be much easier to improve the wireless coverage at the design phase, 
while the RF engineers will require less time, effort and cost in their installa-
tion process.

b. The wireless resources, which are scarce, can be used more efficiently, thus 
contributing to energy efficiency.

c. The user data rate can be much higher, improving user satisfaction, as well as 
productivity.

d. IoT devices at deeper locations in buildings can be operable.
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e. IoT devices will require less transmit power in uplink and thus, save battery 
power and meet the requirement of a very long lifetime.

f. The undesired spillage of signal outside the building can be reduced.

8. Covid pandemic issues and other conflicting needs

The recent global pandemic of Covid-19 has also brought focused attention 
towards sick building syndromes, or SBS. This phenomenon has been a concern for 
the past five decades, ever since the widespread acceptance of fully air-conditioned 
buildings became the preferred typology of built spaces, particularly in the thermally 
challenged situations found in the tropics. The Covid pandemic resulted in the need 
to maintain social distancing, and in trying to increase the rate at which interior, 
potentially infected air, is replaced by purer and infection-free outdoor air. Both these 
requirements have necessitated a shift in the ways in which interiors are conceived.

As the plan layout of spaces is a vital element in maintaining internet connectiv-
ity between the transmitting source and receivers, which may be fixed or moveable, 
these new considerations will also impact the quality of internet connectivity, 
and needs to be given due thought hand in hand, in order to ensure human health 
requirements. When more compartmentalization is the need, for isolating infec-
tions, and protecting the occupants, the positioning of partitions, their materials 
and design, all impact the efficiency of internet connectivity.

Green and sustainable planners also advocate compactness in planning a new 
development, in order to reduce traffic loads, which can be a valuable energy saver. 
Compactness also allows increased pedestrian movement and biking between 
destinations, again an active energy efficient measure, which also promotes health 
benefits from exercise, an added sustainability feature. Again, this measure may 
contradict the need to create greater distancing between occupants, a requirement 
vital to control pandemic spreads. The density of neighborhoods is also likely to 
affect the internet connectivity issue, creating greater obstructions within smaller 
pathways, affecting the strength of the signals.

The strongly synergistic connection, between the effects of each and every 
consideration on suitability, regarding physical distancing and/or compartmen-
talization, is a phenomenon that is encountered time and again, whenever any 
requirement is compared to others. For instance, the need for avoiding solar expo-
sure may result in infra-red reflective glass facades, but this conflicts with the need 
to have uninterrupted internet receptivity within the interiors, as mentioned above.

Much research is now required to address the conflicts between the different 
needs that a building is designed to serve, whether they be thermal comfort, visual 
comfort, privacy, security, health and air quality needs, and even inclusivity. It is 
now becoming vital for designers to address the various requirements, and make 
intelligent and considered choices regarding each, understanding what and the 
extent of compromises being made for different design decisions, and whether they 
are potentially harmful or not. The issue of the health hazards of RF transmissions 
is also of paramount concern at the moment and needs extensive research.

9. Conclusion

The wireless connectivity, in a building, is an important aspect of today’s 
lifestyles, without which it is impossible to function and achieve sustainability. 
This is because it improves the life of building users greatly, while only consuming 
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nominal energy, making it a key ingredient of green architecture. Thus, it is essen-
tially providing great services, without destroying fossil fuels, and protecting the 
future world. And this is being demonstrated increasingly, given the work from 
home scenario found recently during the Covid pandemic. It is unclear how well 
the World could have handled the lock-down situation, had internet not reached 
its present development. This makes it of vital importance in the present World, to 
ensure the provision of seamless internet connectivity, for even the basics of life to 
function efficiently.

The discussion has related the objectives of the UN SDGs to the issue of having 
internet access and connectivity, and their intrinsic link to the architecture of spaces. 
It is difficult in the present times to think of sustainability in the absence of seam-
less internet connectivity within building interiors. This combines the expertise of 
multi-disciplinary teams of Architects and RF Engineers.

From a recent research conducted at BUET relating these disciplines, the vari-
ous options for wireless services have been listed, particularly since the services are 
increasing their data rate to 5G levels in the near future. Clearly building interiors 
need to be designed with focus on the issues of seamless propagation of RF waves. 
The different architectural measures that can be adopted to make this possible have 
been mentioned here. The geometry of spaces, their spatial flow and materials, 
their partitions, and openings, all contribute to the flow of internet connectivity. 
What remains still unaddressed is the matter of the health and safety issues related 
to 5G transmission scenarios, which it has been suggested deserves special attention 
in future research.

This paper has brought out the importance of the different disciplines to col-
laborate in the design of the environment, in order to ensure seamless and safe 
transmission of internet connectivity. The collaboration needs to begin at the design 
phase, so that proper decisions are implemented with an understanding of the 
consequences holistically. Each of the professionals are experts in their own spheres, 
but they need to make each other aware of the needs which will best serve the built 
environment, and help improve user satisfaction, while reducing energy wastage. 
The participatory approach is the only acceptable way forward.
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of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Abstract

Polymer Optical Fiber is opted as the most suitable medium for short haul 
communication system since it has lower cost and low loss for limited distance 
of transmission compared to glass fiber. This topic aims to show an alternative, 
green-technology based, economic and user-oriented communication passive 
device specifically a directional coupler by lapping tapered-fibers technique. This 
developed device is using designed geometrical blocks with integration of taper-
ing effect, Dc, macro-bending, Rc, force exertion unto the coupling region, Fc, and 
etching lengths of the cores, Le to gain different splitting ratios, i.e., 50:50 and 90:10 
experimentally by using the designed geometrical blocks with varied bending radii 
that affects the radiation of evanescent wave and to relate the integration of Couple 
Mode Theory and Hertz’s Law to obtain optimum coupling efficiency. The develop-
ment may be an option to current device that are less user-friendly and fragile. 
This device is developed as a green technology-based device as an option for higher 
speed communication devices since the materials using in the development is safe, 
harmless, and inexpensive.

Keywords: polymer optical fiber, acrylic blocks, directional coupler, splitter, 
geometrical blocks, low-cost, short-haul communication

1. Introduction

This work is conducted to develop an optical fiber passive device based on 
polymer optical fiber, specifically a splitter or also can be known as a coupler. This 
device is developed as an effective green-technology based device yet providing 
an economic solution for home-networking fiber to the home system. The split-
ter is mainly developed for short-haul communication system where the splitter 
is developed using polymer optical fiber that has been tapered using harmless 
organic compound chemical solvent which is acetone. Other method of tapering 
used in this research is by using side polish where only one side of the diameter of 
the fiber strands is being tapered. The platform of the device is built using acrylic 
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material having customization of dimensions of the prototype design. Geometrical 
shapes of circular blocks and ellipse blocks were developed with various bending 
radii where the tapered fibers are attached to the groove of the blocks and brought 
closed together. Parameters that involve in this research includes bending radius, Rc, 
diameter of fiber cores, Dc, coupling length, Lc, and force exertion, Fc.

The coupler/splitter developed in this research includes the preparation of the 
fibers by etching, side polishing, and building the splitter platform which includes 
the geometrical blocks with various radii of the macro-bending. The purpose of 
etching is to eliminate the cladding layers in order to allow the propagation of 
the modes to travel into the other fibers. However, other factor that could help 
the transfer of modes from one fiber to the other is macro-bending of the fiber. 
Evanescent field allows the modes in the fiber to propagate in the cladding. When 
the fiber bends, losses happen due to the evanescent field that would have to travel 
faster in order to keep up with the core field. At certain bending, i.e., beyond critical 
bending, the modes tend to radiate away. In consequence of tapering the multimode 
optical fiber cladding, higher modes of the fiber are removed while some modes are 
redistributed.

Other contributing factors that encourage the transfer is the force exertion 
unto the blocks and fibers attached to the blocks. Some pressure is exerted upon 
the fibers in order to eliminate any macro-gap that exists between the two parallel 
fibers. Therefore, when the two fibers are lapped together, the transfer of modes 
between the two fibers can prevent any leaks of modes that radiates away due to the 
evanescent field when bending. Length of the parallel coupling also contributes to 
the effectiveness of mode coupling since when the coupling length is short, only 
small number of modes get transferred. Coupling length is varied with several 
bending radii and diameter of the cores to find the optimum performance param-
eters based on the characterization.

In applying analytical modelling method to characterize and analyze the device, 
two important theories are used, that are Coupled Mode Theory and Hertz’s Law. A 
simplified couple mode theory between two parallel, lapping multimode step-index 
fibers are studied where parameters in control which is radius of contact area or 
coupling length are induced or related by the amount of force or pressure exerted 
upon the lapping fibers that are attached to geometrical blocks with various radii. 
The radiation of the propagation modes is induced by the bending of the fiber 
accordingly to the radius of the geometrical blocks. Depending on the coupling 
length of the parallel fibers lapped together, the power transfer between them varies 
in accordance to the length. However, due to physically lapping fibers without any 
fusion between them, force or pressure is an important aspect in this study so that 
to eliminate or at least reduce the number of losses of the power transfer due to 
macro gap. Two important theories are applied which are Hertz’s Law and Couple 
Mode Theory that relates to analytical study of force exertion and radius of con-
tact area.

Polymer optical fibers (POF) show great advantage compared to glass fibers in 
short-haul communications links due to its flexibility and less expensive, although 
they are not used for very long distances because of their relatively high attenu-
ation. These characteristics are an advantage for fiber-to-the-home networking 
having high speed communication. An example would be Internet access within 
home or within an office [1].

There are several methods that can be used to develop optical fiber coupler/
splitter. However, this work aimed to develop optical splitter/coupler that is green-
based, safe to use, low cost, economic, easy to install and has multiple solutions for 
important performance parameters required by users. The optical fiber pairs and the 
combination of blocks allow the designed platform to produce several performance 
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parameters with minimum loss. Therefore, the device developed can also be a 
do-it-yourself device since it is customer friendly. The technique used in the process 
of development is harmless and requires detailed measurement, thus, producing an 
effective yet low cost POF splitter/coupler that can be used widely by the users.

2.  Polymer optical fiber (POF) as lead medium in short distance 
transmission

Commercially available POF for data communications are polymethilmethacry-
late (PMMA) POF core material as shown in Figure 1. For visible light of 650 nm, 
the IR-absorption is 95.9 dB/km, the Rayleigh scattering is 10.3 dB/km and total loss 
of 106.2 dB/km with no UV-absorption [2]. PMMA POF used in this study is 
manufactured by Mitsubishi Rayon (Japan). PMMA is produced from ethylene, 
hydrocyanic acid, and methyl alcohol. It is resistant to water, lyes, diluted acids, 
petrol, mineral oil and turpentine oil. PMMA tensile strength is approximately 8 
kN/cm2. The refractive index of the core is 1.492 and the cladding is 1.402. The 
transition temperature lies between +95 C°  and 125 C° . At room temperature and 
50% humidity, the material can absorb up to 1.5% water that can affect the attenua-
tion. The applications include light transmission for signs, illumination, sensors, 
couplers, nuclear radiation detectors and medical applications.

Polymer optical fiber was introduced in 1960s after glass optical fiber was 
introduced shortly as a transmission medium for optical communications. Over the 
years, the transmission capability of POF is improved from having a large attenua-
tion as large as 300 dB/km to 20 dB/km at 650 nm wavelength [3]. POF technology 
has advantage characteristics such as low insertion loss, low-cost production, ther-
mal stability, mechanical stability, and mass production reliability [3]. Although 
POFs have higher loss than silica fibers or glass fibers, POFs are never used in long 
distance communication systems but are being used in intra office communication 
systems where one requires only a few hundred meters of the fiber. POFs are pro-
viding low-cost solutions to short distance applications such as local area networks 
(LAN), high speed internet access and in vehicles [4].

POF offer the advantages of being lightweight, flexible and easy to handle. 
Other advantage includes having large fiber cross-section which makes it easier to 
positioned fiber end at the transmitter or receiver compared to GOF that needs an 
expensive precision component to center the fiber. PMMA POF has 1 mm diameter 

Figure 1. 
PMMA polymer optical fiber with diameter 1 mm.
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which makes it easy to handle and flexible compared to GOF where the fiber is quite 
easy to break. PMMA POF is also easy to cut, grind, polish or melt. It also has high 
flex resistance where the cost used is low even under intense loading conditions 
that encountered in mechanical engineering applications. Other than that, the 
easy connecterization of the end faces can be performed cost effectively even after 
assembling in the field [5].

In respect of electromagnetic compatibility, electrical isolation, immunity to 
eavesdropping and risk of explosion in hazardous areas, polymer optical fiber and 
glass fiber have the advantages compared to copper since the photons as the carrier 
of information in optical fiber have no electrical charge like the electrons which 
carry the information in copper conductors. In terms of external and mechanical 
properties, small bending radius and high flexibility are advantages that make POF 
an attractive choice compared to GOF. The low weight of optical fibers compared 
with copper is an advantage in most applications.

3. Existing techniques of POF splitter

Couplers work by combining two or more optical signals and combined them 
into one signal being modulated and propagates through one single fiber whilst 
splitter in the other hand, separates the signals at the end of the fiber and send the 
particular signals to their particular destinations [6].

There are three kinds of optical couplers which are directional, distributive, 
and wavelength-dependent couplers. The mechanism involves in these couplers 
can be categorized as diffusion type, area-splitting type, and beam-splitting 
type. Diffusion couplers involve either evanescent wave coupling or radiative 
coupling. Two fibers are place in proximity [7] and the length of the parallel 
lapping cores are measured which is known as coupling length. Once they the gap 
is reduced, radiation of light or known as evanescent wave coupling will initiate 
thus power transfer will happen. In radiative coupling, bent fibers are coupled to 
each other by the radiated field. These works well with multimode fibers. Such 
example is twisted-pair coupler of fused biconical taper coupler. In the fused 
section, the fiber cores are still separated from each other but the core modes are 
converted to cladding modes, therefore, partly coupling optical power from one 
fiber to the other [8]. Example of distributive couplers would be star coupler and 
example of beam splitter couplers are monitors coupler. This work mainly focuses 
on directional coupler that has mechanism of diffusion type. Mode selection 
in multimode fibers has been done by employing offset-launch techniques and 
mode scramblers by bending the fiber to leak the high order modes and utilized 
them [9].

Lapping technique is chosen due to the simplicity of the design. Since the devel-
opment focus on customized and low-cost device, lapping technique could easily 
be implemented. Other technique such as fused coupler has widely been used and 
the technique is hardly modified for new approach and new research contributions. 
Butt coupling and core-facet coupling technique in the other hand has alignment 
problems and to obtain optimum output will require high-end tools. Y-coupling in 
the other hand could only produce one output only although the performance is 
excellent. Other techniques are also discussed in Table 1 [3, 5].

The demands of couplers include low loss, easy to handle, reproducible cou-
pling behavior, lower manufacturing costs, small dimensions, having thermal 
and mechanical stability, having low mode dependence and have good isolation 
between the inputs [5]. Common designations of couplers include 1 × 2, 2 × 2, 1 × N 
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and N × N coupler. Types of couplers/splitters include butt coupler, core fusion 
coupler, bend coupler and core facet coupler [5].

For coupling to happen using lapping tapered-fibers technique, the two wave-
guides must be very close so that there is modal overlap, and the coupling coef-
ficient is not zero. The wave is mainly confined within the core thus it is not possible 
to have wave coupling between fibers by just putting together two fibers side by 
side. Therefore, a core in one fiber must be very close to the core of another fiber or 
the propagating wave must extend far outside the core. One of the simple methods 
is to melt and fused the fiber together. By fusing and tapering the core together, this 
causes the dimension of the fiber core to be very small, thus the V number (mode 
number) is small.

Therefore, the propagating waves in the fiber extend far outside the core and 
coupling occurs according to coupling theory. By properly controlling the dimen-
sion of the fiber in the coupling region, a desired ratio of power coupling can be 
obtained [10]. If the two fibers are identical in the coupling region, both propagat-
ing waves will couple or split the same ratio of power from one fiber to another as 
shown in Figure 2.

Most of the existing 1 × 2 splitters only provide one or two fixed splitting ratios. 
Lapping technique provides the potential of producing multiple splitting ratios by 
adjusting the coupling length between the two lapping fibers and bending at certain 
angle. Due to this flexibility of adjusting the coupling length this work is focused 
on using lapping technique to develop this splitter. In order to produce multiple 
splitting ratios by bending and tapering, new platform is required to bend the fibers 
at certain angle and coupling length so that different coupling or splitting behavior 

Type Technique of 
fabrication

Advantages Disadvantages Loss

Y-coupler The output 
fibers are ground 
where end faces 
completely cover 
each other

Has excellent performance 
as 50:50 power splitters/
couplers

• Costly grinding

• Difficult alignment

• Losses are caused 
by the surface of the 
coupled-in not being 
fully utilized.

EL: 2.7 dB
IL: 5.5 dB
CR: 1.08 dB
Dir: 16.8 dB

Side 
polishing

Two POF segment 
are bonded and 
polished until 
the core-cladding 
interface appears.

• The polished depth can 
be controlled to achieve 
desired split ratio.

• Jacketed POF can be used.

• High precision coupling 
adjustment is possible

NA

Chemical 
etching

Chemical solvents 
i.e. acetone, 
chloroform, 
methyl isobutyl 
ketone are used to 
taper the fiber

• Jacket must be removed

• Not easy to control the 
solution concentration

NA

Reflective 
body

Device used to 
split the light 
is a cylindrical 
polymer rod.

IL: 4.3 dB

Table 1. 
The types of couplers/splitter, the advantages and the disadvantages.
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or rays will give different splitting ratios. Apart from lapping the fiber at particular 
length and diameter, certain amount of force is exerted upon the splitter in order 
to minimize the macro-gap between the fibers. Since parameter of force is also 
included, study of coupling efficiency between the two lapping curved surfaces 
with certain amount of load is based on Coupled Mode Theory (CMT) and Hertz’s 
Law. No studies have been done in analyzing the coupling efficiency between the 
two lapping fibers based on the integration of CMT and Hertz’s Law. The coupling 
efficiency is analyzed when distance, coupling length and fiber diameter is varied.

Ab-Rahman et al. has shown the fabrication of POF coupler/splitter using fusion 
technique where two POF are melted together and fused to developed N × N coupler/
splitter [11]. The modififed coupler/splitter can be extended into demultiplexer. A 
novel fused POF splitter fabricated by fusion technique is an effective transmission 
media to split and recombine a number of different wavelengths which represents 
different signals. The demultiplexer device using different thin film having differ-
ent colors to filter wavelength and optical splitter that provide optimal results when 
applied to the data transmission systems [12]. Although fused technique is easy, 
however, novel approach to develop the splitter is difficult to find. Thus, lapping 
technique using geometrical blocks are used to develop a directional coupler/splitter.

4. Fabrication using etching technique

There are some methods already done by researchers in order to fabricate 
coupler/splitters such as fusion between two or more fibers. One of the effective 
methods is tapering. Tapering can be done for example by technique of stretching 
fiber whilst it is heated under flame [13], and the other method is by chemical etch-
ing. The chemical used, acetone, is safe and harmless and it is effective to remove 
the cladding layer in certain time. Although tapering may change the physical fiber 
structure of the fiber itself, however, optical properties mostly remain the same. Due 
to the core being eliminated, the modes contained in the fiber will be radiated. The 
radiation of modes may be applied to this study that utilizes couple mode theory.

4.1 Cladding removal by organic solvent

PMMA is dissolved using organic solvents such as acetone and methyl isobutyl 
ketone (MIBK) in order to remove the polymer in concentric layers as required. 
Research done by Merchant et al. [13] shows that by using pure acetone without 
any dilution in water can be used to efficiently remove the cladding layer of PMMA 
POF. The method requires no tension to be applied on fiber under etching process 
so as to prevent brittle stress fracture from occurring and break the fiber. The fiber 
should be supported in a curve and de-stressed fiber is supported in a straight line. 

Figure 2. 
Lapped fiber coupler with particular lapping length and radiated modes.
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Two to four drops of acetone are applied unto lint-free tissue and it is rotated along 
the region. The exposed core can be detected as the fiber is decreased in surface 
friction. Isopropyl alcohol is used to neutralize the solvent and leave the exposed 
core clean and grease-free. Once the region has been washed, it will return to 
PMMA physical and chemical properties. Another alternative method is by immers-
ing the fiber into solution containing suitable mixture of organic solvent and water. 
Even when the solvent is diluted with 20% of distilled water, the brittle property of 
the fiber during the etching process remain. The fiber region that immerses in the 
solvent will be uniformly etched producing a linear waist region.

By tapering the multimode optical fiber cladding, higher modes of the fiber are 
removed while some other modes are redistributed when light source is propagat-
ing along the fiber. As the tapered section is developed, the evanescent field and 
proportion of total power within this field increases in the affected region.

Tapering the fiber can reduce the diameter as shown in Figure 3 which can filter 
high-order modes in the fiber and create an effective reduction in numerical aperture 
which can be an advantage for optical sensor. POF tapers require no alignment and 
have constant attenuation of low-order modes. The modal redistribution length of 
POF is a few hundred meters and so the effect of tapers is local to that distance [13].

4.2 Polishing technique

Polishing technique is one of the methods [14–16] to reduce or eliminate the 
cladding so that the modes that propagate along the fiber may be radiated out due 
to evanescent wave theorem. Due to polishing effect, which is rough surfaces of the 
polished fiber, that may lead to increase in losses, therefore, some treatment has to 
be done. UV curing adhesive having similar refractive index may be used to bridge 
the gap between the polished fiber in order to reduce the losses. The efficiency of 

Figure 3. 
The waist of the etched region is tapered.

Figure 4. 
Side-polished of a fiber.
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the coupling light ranging up to 50% and the insertion loss is less than 5 dB [17]. 
Although it was simple, the limitation occurs when polishing leaves a rugged 
surface of the fiber. Thus, in this study, the polished surface is done by side etching 
the surface as shown in Figure 4 in order to minimize the losses of surface.

5. Macro bending loss by radiation

Losses in optical fiber can be traced back by absorption, scattering or bend-
ing. Although losses are not a preferred performance parameter, however, it can 
be utilized into something useful such as coupling of modes of the bent dielectric 
waveguide [18]. One of the concepts applies is loss due to macro-bending of tapered 
bent fiber. The smaller the bending radius, the higher the losses will be [19].

At certain bending radius, which is known as critical radius, the loss is very high 
where total internal reflection an electromagnetic disturbance which is known as 
evanescent wave penetrate the reflecting interface. The rate of the propagating 
evanescent wave will reduce when reflection interface is no longer exists because it 
cannot propagate in the medium of lower refractive index.

When a light ray hits core-cladding interface, one of the rays will be refracted 
at the cladding interface and either the ray will be reflected back or refracted 
with some amount of power [20] while the other ray will propagate at inner core 
interface. More losses may be observed if bending starts to get smaller in radius 
where more rays will be refracted so thus the amount of power transferred at the 
cladding.

Refraction can also cause leaks of rays at the core-cladding interface. 
Electromagnetic tunnelling at the core-cladding interface is due to the cross sec-
tion of the curvature. However, the leakage occurring at the tunnelling modes are 
slower as compared to refracting modes [8]. Some number of rays are not bounded 
by the core which results in propagating in the cladding region. This is known as 
the cladding modes and coupling can occur with the higher-order modes of the core 
resulting in loss of the core power.

There are few benefits of bending losses which are based on either the increase 
in the attenuation or on making use of the light which escapes from the optic fiber. 
One of the examples of making use the attenuation experienced by the fiber as it 
bends is fiber optic pressure sensor where a particular length of bare fiber is placed 
between two rugged pieces of rubber while the fiber is placed in straight line. A 
light detector is placed on the end side. When a step pressures the rubber, bends is 
created, and light intensity is detected, and the alarm went off. On the other hand, 
an active fiber detector uses light that escapes from the bent fiber. A fiber is placed 
between jaws of tool and when the fiber is stepped on and pressure exerted upon 
it, a sharp bend is created by the jaw and some light escapes and detected by the 
photocell and switch on a warning light [21].

6. Analytical concepts

Simple analytical analysis is studied to analyze the developed coupler using 
two important concepts which are Coupled Mode Theory and Hertz’s Law. Simple 
coupled mode theory derived by Ogawa [22] analyzes the coupling theory between 
two parallel multimode step-index fibers and obtaining the coupling efficiency. 
Hertz’s law in the other hand deals with contact mechanics where when load existed 
between two surfaces that relates to elliptical point contacts and the amount of force 
on the fibers determines the coupling length of the two fibers.
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6.1 Coupled mode theory

Optical directional couplers can be described by coupling length and coupling 
coefficient as described in Coupled Mode Theory (CMT). The study of CMT has 
been done among researchers; however, the study of multimode is quite compli-
cated compared to fiber having one or few modes [23]. Thus, this study focuses 
mainly on two multimode parallel fiber cores using simplified Coupled Mode 
Theory to find the coupling coefficient and coupling efficiency derived by Ogawa 
[22]. The coupling efficiency describes the total power of coupling between the 
two fibers depending on the distance, fiber core thickness and length of the contact 
region [24].

A multimode coupler or tap coupler is an important component in any short 
distance communication system. In multimode fiber, it is not easy to evaluate the 
coupling process between hundreds of modes. Ogawa [22] derived a simplified 
expression for coupling efficiency between two identical, parallel, step-index multi-
mode fibers which can expand to all modes with a condition that the two fibers are 
touching each other. Ogawa [22] agrees that the distance between the two fibers 
affects the coupling efficiency among other considered parameters.

The higher the modes launched at the input of the fiber, the higher the coupling 
efficiency will be. Higher order modes leakage may result in higher coupling in 
short lengths [25].

The simplified coupling coefficient given by Ogawa [22] describes that when 
distance over both radii of core or distance, d is given by Dc, the coupling coefficient 
becomes as in Eq. (1):
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coeff 3/2

2 n n i iC 1
N Nk n a

co cl

co

⋅ −   = −  π ⋅ ⋅ ⋅   
  (1)

Where a = radius of core
k = π

λ
2
.

nco = refractive index of core
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N = number of modes in step-index multimode fiber
Coupling coefficient reaches maximum when i = 4/5 (N) based on the field 

interaction between evanescent field of first fiber and second fiber. Higher order 
modes have stronger field in cladding relative to the field in the core. Ogawa 
works shows that coupling occurs only between the higher-order modes as the gap 
increases.

6.2 Hertz’s law of elliptical point contacts

Elliptical contact area forms when two 3-dimensional bodies, each with orthogo-
nal radii of curvature come into contact [26]. When force, F is applied between two 
curved surfaces, compression happens at the beginning of the contact and theoreti-
cally a flat surface is formed between them. The area is tangential to the surfaces of 
the two contacts and it is perpendicular to the line of action of load, F [27].
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The radius of the contact area is given by Eq. (2):
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where E1 and E2 are the moduli of elasticity for contact 1 and 2 and v1 and v2 are 
the Poisson’s ratios.

The depth of indentation ‘d’ is related to the maximum contact pressure by 
Eq. (3):
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where R is the effective radius defined as shown in Eq. (4):
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where R1 and R2 are the radius of each body respectively.
The size of the circular contact increases weakly with increasing load P and relative 

radius but decreases weakly with increasing contact modulus. The maximum pressure 
is 1.5 time the mean pressure and occurs at the center of the contact area [27].

7. New approach using lapping technique

Directional coupler is a passive device where modes exchange between two 
waveguides that is placed closed to each other. Due to radiation and phenomenon 
of evanescent wave, some of the power will be transferred to an adjacent guide due 
to coupling. The factors that contributed to the power or modes exchange between 
the two parallel fibers are the force exertion and the length of lapping fibers. When 
two guides are parallel to each other, coupling coefficient is constant and the power 
launched into one guide will alternate back and forth between the two guides as 
long as they are close [28].

Lapping technique is the method used in the study where two tapered fibers 
with certain thicknesses, Dc are placed in proximity at certain length, Le to each 
other. Due to the elimination of cladding around the core area, the effective refrac-
tive index of the waveguide is varied and coupling coefficient also change [16].

Acetone is a harmless chemical solvent that is used to etch or taper the cladding 
layer at certain thickness or diameter. The duration of the etching process took 
around 30 minutes to 120 minutes. Depending on the time of the etching process, 
the diameter of the tapered fiber will vary. If the cladding layer is decreased, the 
transfer or power between the lapping fiber will occur. In some cases, the tapering 
not only causes the cladding layer to be stripped off entirely, but also affect the 
region where the lapping does not take place which in the other hand resulting 
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to extra losses of the coupler/splitter. Therefore, a platform is developed where 
mechanical blocks with certain radii will be used together with the tapered fibers 
having similar refractive index of the fiber that will replace the refractive index of 
the etched cladding layer.

The varied bending radii, Rc will result to different macro-bending effect, thus, 
the power transfer between the fiber will also vary accordingly. Coupling length and 
pressure applied unto the region of the lapping tapered fibers are important in order 
to obtain high splitting ratio and coupling efficiency.

7.1 Design development

The preparation of the fibers includes preparing the fiber strands of 300 mm 
long, etching process and side polishing process. Basically, each of the fiber strands 
was prepared using Mitsubishi Eska Polymethil Methacrylic (PMMA) step-index 
polymer optical fiber.

The process of etching process is done on polymer optical fiber which has 
diameter core of ø = 980 μm and diameter cladding of ø = 20 μm thick as shown in 
Figure 5. Chemical solvent that is acetone is used in this study in order to remove 
cladding layer. Etching process as shown in the figure takes between 30 minutes to 
120 minutes to stripped off the cladding layer as intended. Due to the effectiveness 
of the solvent to impair and remove the cladding layer as reported by the research 
done by Merchant et al., [29], pure 100% acetone is used in the experiment without 
any additional liquid or solvent involved or modification the concentration of the 
solvent.

Figure 6 shows the light transmitting over an etched area between the two blue 
marks shows faded red light along the area. This fiber has been properly etched and 
contains the transmitting light with low leakage. Some of the modes are radiated 
out due to the cladding layers are etched over some duration of time. Therefore, as 
can be seen in the figure, at the etched region, LED light of wavelength 665 nm are 
radiated out. The etched fibers are used to develop directional couplers by using 
geometrical blocks. Etched fibers or denoted as coupler A is fixed unto the circular 
blocks and they are lapped together. Wavelength of red LED, 665 nm with input 
power of 16.0 μW is used as the light source. In Figure 7, a schematic of bent fibers 
lapping at certain length with tapered cladding can be seen. Light source having 
665 nm wavelength is used to send signal in port a, and the power output are mea-
sured at the end of port b, c, and d. The measurements are taken at the end of the 

Figure 5. 
Etching done by stress-free bending.
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three output ports in order to analyze the losses due to tapered cladding and force 
exertion between the two lapping fibers.

7.2 Directional coupler/splitter

There are many efforts done by researchers on developing an optical directional 
coupler using various techniques as discussed previously. In this work, new tech-
nique of developing 1 × 2 optical coupler is fabricated using mechanical techniques 
where geometrical blocks namely circular blocks of several radii, elliptical blocks 
of several radii with external forces exerted upon the blocks and fibers and semi-
elliptical blocks with spring embedded are used where a pair of etched fibers is 
placed between them and bent as according to the bending radius of the blocks. 
Then at input port, P1, a red LED signal of wavelength 650 nm is injected through 
the input arm and power meter is placed at the throughput port, P2, coupled port, 
P3 and reflected port, P4 where the signal strength or output power is obtained 
and recorded for each output arms. The data recorded are then characterized and 
analyzed for each pair of coupler/splitter using each pair of blocks with particular 
bending radius. Characterization such as splitting ratio, insertion loss and excess 
loss are plotted for each coupler/splitter.

Figure 6. 
Light transmission in properly etched fiber.

Figure 7. 
Schematic of coupler using fibers that were etched.
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Figure 8 shows the setup of circular blocks where the fibers length are around 
30 cm using Mitsubishi Rayon Eska POF. The end of each fiber is connected with 
power meter of type AF OM 210A.

Table 2 shows the optimum splitter at each circular blocks pair. Splitter of cou-
pling diameter, Dc of 0.92 mm–0.90 mm and 0.85 mm–0.75 mm give the optimum 
value of splitting ratios, SR for most of the circular blocks. Insertion loss, IL and 
excess loss, EL can be referred in the table accordingly. The reason might be due to 
the thickness of the core-cladding layers of each splitter that allow some of the light 
rays to propagate along the tapered length and when the fiber is bent accordingly 
and lapped to the tapered region of second fiber, the rays is coupled in the second 
fiber. Due to the fully etched region around the fibers that is not lapped to other 
waveguide and the extra tapered length, high losses are observed.

Although splitter of Dc of 0.92 mm–0.90 mm shows the most optimum SRc 
for circular blocks, however, the excess losses are also the highest followed by Dc 
of 0.92 mm- 0.94 mm and the lowest excess loss (EL) is given by splitter of Dc of 
0.95 mm- 0.95 mm as in Figure 9. Since most of the rays were transferred by the 

Figure 8. 
Circular blocks platform with a pair of tapered fibers bent according to the bending radius of the blocks and 
input of 650 nm is inserted into one of the input and the output power is recorded.

Rc (mm) Dc (mm) SRc (%) EL (dB) IL (dB)

25–25 0.92–0.90 2.41 6.00 22.00

30–40 0.85–0.75 2.00 3.00 20.00

35–27 0.85–0.75 2.30 3.00 19.60

30–20 0.92–0.90 2.60 6.00 22.00

52–40 0.85–0.75 1.00 3.50 23.00

28–26 0.85–0.90 1.30 2.70 21.00

28–22 0.85–0.75 2.50 3.50 19.60

28–23 0.85–0.75 1.70 3.80 21.00

38–34 0.85–0.90 1.00 2.80 22.00

38–37 0.85–0.75 1.80 3.80 21.00

Table 2. 
Splitters with optimum SR, EL and IL for each bending radius.
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first fiber to the second fiber for Dc of 0.92 mm −0.90 mm, due to the unlapped 
region of the tapered section, many of the rays radiated out by small bending  
of circular blocks and the small coupling length between the two lapped regions 
contributed to the losses. However, for splitter of Dc of 0.95 mm- 0.95 mm,  
since the cladding layers conserved many of the rays from being radiated out of 
the fibers, the excess losses are lower for all the bending radii of the circular  
blocks.

At throughput port as shown in Figure 10, splitters of Dc of 0.92 mm- 
0.94 mm and Dc of 0.92 mm −0.90 mm show the highest losses due to the radia-
tion of the first fiber to the second fiber whilst Dc of 0.95 mm- 0.95 mm shows 
the lowest insertion loss at throughput port since the cladding layers that existed 
in the fibers prevent the rays from being transferred or radiated out from the 
first fiber.

Figure 9. 
Excess losses for each coupler/splitter of different core-cladding Thickness, Dc, for each circular blocks of 
different bending radii, Rc.

Figure 10. 
Insertion losses at throughput port for each coupler/splitter of different core-cladding thickness, Dc, for each 
circular blocks of different bending radii, Rc.
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7.3 Load exertion

Figure 11 shows the average splitting ratios when external load is exerted upon 
the splitters fitted into circular blocks. Splitting ratios show a slight decreased 
when external load is exerted upon the splitters of etching length, Le of 4 mm, 
8 mm, 12 mm. However, splitting ratios increase when load is exerted upon longer 
tapered length of Le of 16 mm, 20 mm and 25 mm. Splitting ratios of Le of 4 mm 
decreases from 44% to 40%, for Le of 8 mm, SR decreases from 38% to 37% and for 
Le of 12 mm, SR decreases from 37% to 36%. Splitting ratios for all other splitters 
increase about 1% when external force is exerted.

8.  Comparison of efficiency between experimental and analytical values 
at particular coupling length

The coupling efficiency from experimental values are calculated by

 o

i

P 100
P

η = ×  (5)

The efficiency of coupling length, Lc of 3 mm, 5 mm and 8 mm are 21.69%, 
29.3% and 28.7% respectively is compared to analytical values simulated in 
MathCAD using Eq. (5) as shown in Figure 12.

Analytically, the result shows the coupling efficiency of core radius of 0.75 mm 
at coupling length extends from 0 mm to 20 mm. The distance, d, between the two 
cores is assumed 1 μm. Coupling efficiency from the graph at specific Lc, namely 
3 mm, 5 mm and 8 mm is found to be 29%, 52% and 70% respectively.

It is observed that the pattern of the coupling efficiency of experimental values 
and analytical values is similar as shown in Figure 13, however, analytically the ideal 
simulated wave shows higher percentage of efficiency compared to the values of the 
efficiency of the experiment. The average difference of efficiency between analytical 
and experimental values is between 7% to 22%. The differences between the values 
are due to several factors. Due to the varied bending angle, Rc, of the fibers attached 
to the semi-elliptical blocks, the radiation of rays from the input fiber to the second 

Figure 11. 
Average splitting ratio for normal and external load unto splitter of varied etching length fiber splitters using 
varied combination of circular blocks.
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fiber varies accordingly. At 30 mm bending radius, the smaller bend stimulates the 
rays to radiate out more extensively, however, the losses are high due to tapered 
length that is longer than 3 mm which reduces the efficiency. At 40 mm, since the 
coupling length is longer which is 5 mm, the efficiency is higher. However, at 50 mm 
bending radius, although the coupling length is longer, however, the bending angle is 
larger which hinders the stimulation of rays to radiate out that causes the efficiency to 
reduce again. The etching or tapered length also causes the efficiency of the experi-
ment to reduce since the extra tapered length could contribute the radiation of rays at 
the non-lapping region. High efficiency is found at simulated graph since the condi-
tion of the coupling is ideal where the condition of coupling in experiment accounts 
several factors that lowers the efficiency such as the tapered length of the cores, 
bending angle, insertion losses and connection of the fibers to the power meters.

9. Conclusion

New technique of developing an optical coupler using POF and mechanical 
platform using lapping technique is discussed and analyzed. The device fabricated 
is flexible since the splitter does not only give one particular splitting ratio desired, 

Figure 13. 
Similar pattern of efficiency is observed for both analytical and experimental values at specified 
coupling length.

Figure 12. 
Efficiency values at coupling Length.
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but it can be customized using different blocks of bending radius and several pair 
of fibers with different core-cladding thickness. The different pair of fibers can be 
matched with different pair of blocks in order to obtain particular splitting ratio 
for different applications. The implementation is simple where the blocks need 
to be placed on the platform where spring-like component will force the blocks to 
hold the fiber pairs close in proximity. Analysis of efficiency between experimental 
values of splitters and values obtained by simulated analytical values are compared 
where similar pattern of efficiency behavior is observed for the splitters which 
shows that the splitter is good to be used.

The effect of different angle of fiber bending integrates with different taper 
length and core diameter with force exertion is studied and analyzed in this study. 
Optimum results of splitting ratios is obtained by having bending radius between 
30 mm to 50 mm, taper length between 4 mm to 20 mm, core thickness between 
0.88 mm to 0.77 mm, coupling length between 4 mm to 10 mm and 18 mm to 
22 mm and pressure not less than 3.0 lbF. The variation of the parameters leads 
to different coupling characteristics thus resulting in various splitting ratios and 
losses. Therefore, for different parameter values, particular values of other param-
eters have to be considered.

The maintenance of the device is also simple. The fiber pairs can be used con-
tinuously and interchanged with other fiber pairs. The fibers need to be changed 
with new ones only when the fiber is broken. In this case, since POF itself is very 
flexible, thus, the flexibility and maintenance of the fibers are quite reliable. The 
platform and the blocks are made of strong material that is hardly broken even they 
are dropped several times. Even in high temperature and heat, POF melting point is 
around 80 C°  whilst the blocks that are made of acrylic material have melting point 
of 160 C° . The platform based is made of aluminum that have very high melting 
point. Thus, the device can be used inside medium heat compartment such as in 
automobile. The reproducibility of the device is in the other hand in small produc-
tion due to the hand-made fabrication at the research stage. This device is green 
technology based since the production process is using eco-friendly material, 
harmless solvent and the LED source is used which is very safe for consumers as 
compared to other method that use the heat using burner can contributes to CO2 
even in small amount.

The developed device can be innovated into a ‘DIY’ kit where the installation of 
the passive device will be easy and customer friendly. Different values of splitting 
ratios are able to be achieved thus give the advantage of different applications for 
the users. Moreover, since the device may provide different values of splitting or 
coupling ratios in one kit, users may no longer need to spend extra on purchasing 
another splitter/coupler. This device is inexpensive and green technology based due 
to materials used in the development and utilization.
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Chapter 5

Eco-Friendly, Green Approach for
Synthesis of Bio-Active Novel
3-Aminoindazole Derivatives
Chandrashekhar Devkate, Satish Kola, Mohammad Idrees,
Naqui J. Siddiqui and Roshan D. Nasare

Abstract

In present chapter we have reported green and highly efficient method for
synthesize novel series of substituted -1H-indazol-3-amine derivative (3a-h) by
cyclocondensation reaction of substituted benzonitrile (1a-h) and substituted
Hydrazine (2a-h) using ceric (IV) ammonium nitrate (CAN) as a catalyst, EtOH-
H2O as a ecofriendly media and reaction was carried out under ultrasound irradia-
tion green method. The structures of newly synthesized indazole derivative (3a-h)
were corroborated through spectral investigation such as elemental analysis and
spectral studies like IR, C13 NMR, Mass spectra and 1H NMR. The compounds
were assessed for their in-vitro antimicrobial activity with pathogenic microbe
comprising Gram positive bacterial strains, S. aureus and Gram negative strains
E.coli, P.vulgaris, and S. typhi at different concentration. The consequence of
bioassay is compared with standard drug Chloramphenicol.

Keywords: indazol, ceric (IV) ammonium nitrate catalyst, ultrasound irradiation,
ecofriendly media, antimicrobial screening

1. Introduction

Indazole was first defined as a “pyrazole ring fused with the benzene ring” by
the scientist Emil Fisher. It is broadly studied due to its remarkable chemical and
biological properties. Indazole is from the azoles family containing carbon,
hydrogen and nitrogen atoms. Indazole also called as benzpyrazole or isoindazolone
which containing two nitrogen atoms. It is ten π-electron aromatic heterocyclic
systems as a pyrazole molecule. The structure of indazole is given below in
cylindrical bonds is as (Figure 1).

Indazole derivatives are pharmacologically significant as they form the
fundamental structure of numerous drug molecules, like Benzydamine used as
anti-inflammatory agent and Granisetron, 5HT3 receptor antagonist for anti-emetic
in cancer chemotherapy. Two nitrogen atoms in indazole can be able to be
functionalized with high selectivity at different positions. Indazole show a range of
biological activity such as anti-HIV, anti-cancer, anti-platelet, anti-inflammatory,
serotonin 5-HT3 receptor antagonist and anti-tumouractivities [1–6].
3-Aminoindazoles which are valuable templates for medicinal chemistry.
The scaffold is found in a huge number of compounds exhibiting a large number of
biological activities including kinase inhibitors, HIV protease inhibitors, MCH
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receptor1 antagonists, CB1 receptor inhibitors and factor XIa inhibitors [7–9]. The
3-aminoindazoles have been able to mimic the adenine nucleus of ATP for the
design of ATP-competitive receptor tyrosine kinase inhibitors with potent
antitumor activities. Thus it is been potential valuable templates for pharmaceutical
chemistry, hence effort has recently been taken to the synthesis of substituted
indazole. Several method have been published for the synthesis of 3-aminoindazole
the methods have several drawback is the use of costly reagents and catalyst,
organic solvents, harsh conditions and thus have limited scope [10–13]. In last few
decades Chemist have attraction for Nitrogen containing heterocycle which possess
potential antimicrobial property [14–16]. Indazole can be present in two forms
which result from the displacement of proton among two nitrogen atoms, a method
describe as proto tropic annular tautomerism. Without substituted indazole be
present mostly as the 1H-tautomer based on the results from molecular studies.

The indazole ring contains two nitrogen atoms and thus annular tautomerism
with concern to the location of the NH hydrogen atom. The variation in energy
among tautomer’s the benzenoid type predominates in the gas phase solution. Solid
state derivatives are generally found thermodynamically more constant than the
analogous 2H forms, annular tautomerism of indazole benzenoid 1H-indazole
tautomer and quinonoid 2H-indazole tautomer. Ortho-hydrazine benzoic acid on
heating results in the formation of indazolone reported by Emil Fisher in 1800
(Figure 2) [17–20].

Biological importance of 3-aminoindazole Derivatives:- Indazoles are natu-
rally occurring alkaloids like Nigellidine, Nigellicine and Nigeglanine.
Nigellicinewas isolated from extensively spread plant Nigella sativa. Nigeglaninewas
isolated from extracts of Nigella glandulifera. Merely few of the alkaloids studied
upon isolation show the presence of indazole ring system. The first member of this
alkaloid family Nigellicine [21] which is isolated in 1985 from the plant N. sativa an
annual flowering plant, native to Southwest Asia. The seeds of this plant are used
for thousands of years as a spice and for the treatment of a variety of diseases
[22–24]. The structure of nigellicine has an intramolecular hydrogen bond among
the carboxylate oxygen atom and the hydroxyl group. The structure of nigellicine is
a pseudo cross conjugated heterocyclic mesomericbetaine, which means that it be
able to be presented by dipolar canonical formula where both the positive and
negative charge is delocalized in the structure [25].

Similarly other two alkaloids (Figure 3) Nigeglanine and Nigellidine are isolated
from extracts of N. glandulifera and N. sativa. These two compounds be able to also
be obtainable by their zwitterions formulae [26]. Indazole core is present in natu-
rally occurring alkaloids and biologically active molecules. Nigellidine is a natural
product containing an indazole nucleus, isolated from plant N. sativa and used in
the treatment of a variety of diseases. Indazole and their derivatives are found to
have a large range of activities. Previous findings on indazole derivatives are pur-
posely known to be active as protein kinase inhibitors, cancer cell proliferative

Figure 1.
Naturally accruing indazole nucleus.
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disorders, the methods 3-aminoindazole have several drawback is the use of costly
reagents and catalyst, organic solvents, harsh conditions and thus have limited
scope [27, 28].

Stimulated from these observation and literature exploration revealed that no
green and efficient, method is reported yet hence in the present work we are
endeavored to synthesize 3-aminoindazole by using ultrasonic radiation and ceric
ammonium nitrate (CAN) [Ce IV(NO3)6]2 as a catalyze reactions in organic syn-
thesis because of many advantages such as good solubility in water, easily available,
non-toxicity, simple work-up procedure, low cost, high reactivity and synthesized
substituted-1H-indazol-3-amine derivative (3a-h) and screened for their antimi-
crobial activity [29–34].

2. Material and methods

Chemicals used for the synthesis were of AR grade of Merck, S.D. Fine and
Aldrich. The reactions were examined by E. Merck TLC aluminum sheet silica

Figure 2.
Naturally accruing indazole nucleus.

Figure 3.
Naturally accruing indazole nucleus.

77

Eco-Friendly, Green Approach for Synthesis of Bio-Active Novel 3-Aminoindazole Derivatives
DOI: http://dx.doi.org/10.5772/intechopen.95565



receptor1 antagonists, CB1 receptor inhibitors and factor XIa inhibitors [7–9]. The
3-aminoindazoles have been able to mimic the adenine nucleus of ATP for the
design of ATP-competitive receptor tyrosine kinase inhibitors with potent
antitumor activities. Thus it is been potential valuable templates for pharmaceutical
chemistry, hence effort has recently been taken to the synthesis of substituted
indazole. Several method have been published for the synthesis of 3-aminoindazole
the methods have several drawback is the use of costly reagents and catalyst,
organic solvents, harsh conditions and thus have limited scope [10–13]. In last few
decades Chemist have attraction for Nitrogen containing heterocycle which possess
potential antimicrobial property [14–16]. Indazole can be present in two forms
which result from the displacement of proton among two nitrogen atoms, a method
describe as proto tropic annular tautomerism. Without substituted indazole be
present mostly as the 1H-tautomer based on the results from molecular studies.

The indazole ring contains two nitrogen atoms and thus annular tautomerism
with concern to the location of the NH hydrogen atom. The variation in energy
among tautomer’s the benzenoid type predominates in the gas phase solution. Solid
state derivatives are generally found thermodynamically more constant than the
analogous 2H forms, annular tautomerism of indazole benzenoid 1H-indazole
tautomer and quinonoid 2H-indazole tautomer. Ortho-hydrazine benzoic acid on
heating results in the formation of indazolone reported by Emil Fisher in 1800
(Figure 2) [17–20].

Biological importance of 3-aminoindazole Derivatives:- Indazoles are natu-
rally occurring alkaloids like Nigellidine, Nigellicine and Nigeglanine.
Nigellicinewas isolated from extensively spread plant Nigella sativa. Nigeglaninewas
isolated from extracts of Nigella glandulifera. Merely few of the alkaloids studied
upon isolation show the presence of indazole ring system. The first member of this
alkaloid family Nigellicine [21] which is isolated in 1985 from the plant N. sativa an
annual flowering plant, native to Southwest Asia. The seeds of this plant are used
for thousands of years as a spice and for the treatment of a variety of diseases
[22–24]. The structure of nigellicine has an intramolecular hydrogen bond among
the carboxylate oxygen atom and the hydroxyl group. The structure of nigellicine is
a pseudo cross conjugated heterocyclic mesomericbetaine, which means that it be
able to be presented by dipolar canonical formula where both the positive and
negative charge is delocalized in the structure [25].

Similarly other two alkaloids (Figure 3) Nigeglanine and Nigellidine are isolated
from extracts of N. glandulifera and N. sativa. These two compounds be able to also
be obtainable by their zwitterions formulae [26]. Indazole core is present in natu-
rally occurring alkaloids and biologically active molecules. Nigellidine is a natural
product containing an indazole nucleus, isolated from plant N. sativa and used in
the treatment of a variety of diseases. Indazole and their derivatives are found to
have a large range of activities. Previous findings on indazole derivatives are pur-
posely known to be active as protein kinase inhibitors, cancer cell proliferative

Figure 1.
Naturally accruing indazole nucleus.

76

Green Computing Technologies and Computing Industry in 2021

disorders, the methods 3-aminoindazole have several drawback is the use of costly
reagents and catalyst, organic solvents, harsh conditions and thus have limited
scope [27, 28].

Stimulated from these observation and literature exploration revealed that no
green and efficient, method is reported yet hence in the present work we are
endeavored to synthesize 3-aminoindazole by using ultrasonic radiation and ceric
ammonium nitrate (CAN) [Ce IV(NO3)6]2 as a catalyze reactions in organic syn-
thesis because of many advantages such as good solubility in water, easily available,
non-toxicity, simple work-up procedure, low cost, high reactivity and synthesized
substituted-1H-indazol-3-amine derivative (3a-h) and screened for their antimi-
crobial activity [29–34].

2. Material and methods

Chemicals used for the synthesis were of AR grade of Merck, S.D. Fine and
Aldrich. The reactions were examined by E. Merck TLC aluminum sheet silica

Figure 2.
Naturally accruing indazole nucleus.

Figure 3.
Naturally accruing indazole nucleus.

77

Eco-Friendly, Green Approach for Synthesis of Bio-Active Novel 3-Aminoindazole Derivatives
DOI: http://dx.doi.org/10.5772/intechopen.95565



gel60F254 and visualizing the spot in UV Cabinet and iodine chamber. The melting
points were note down in open capillary in paraffin bath and are uncorrected. 1H
NMR spectra are logged on a Bruker AM 400 instrument (400 MHz) using
tetramethylsilane (TMS) as an internal reference and DMSO-d6 as solvent. Chem-
ical Shifts are specified in parts per million (ppm). Positive-ion Electro Spray
Ionization (ESI) mass spectra were acquired with a Waters Micromass Q–TOF
Micro, Mass Spectrophotometer. IR spectra were recorded on a Shimadzu IR Spec-
trophotometer (KBr, υmax in cm�1). The compounds are purified by using column
chromatography on silica gel (60–120 mesh). Elemental (CHN) examination was
done using Thermo Scientific (Flash-2000), the compounds were investigated for
carbon, hydrogen and nitrogen and the results found are in good agreement with
the calculated values.

3. Experimental section

3.1 The optimization of the reaction conditions

The optimization of the reaction is done using different solvents and also solvent
free condition was applied and the reaction carried out under ultrasound irradia-
tion. When the reaction was performed without solvent the yield obtained was in
trace amount. When different solvent like acetonitrile, toluene and ethanol it the
yield was less and the time taken for completion of reaction was more. But using
(CAN) (10 mol %) EtOH-H2O (2:2) (entry 9) at 50–60°C for 35 min. we got good
yield in less time and thus the reaction was optimized. The results were summarized
in (Table 1).

General Procedure for the synthesis 3-aminoindazole (3a-h):- A mixture of
benzonitrile (1a-h) (1.0 mmol), hydrazine (2a-h) (1.2 mmol) and (CAN) (10 mol)
in solvent EtOH-H2O (2:2) were taken in single neck round bottom flask and the
flask containing reaction mixture was kept in the ultrasonic bath and was irradiated
at 50-60°C for about 30–40 min. (the progress of reaction was monitored by TLC at
different interval) separately as indicated in (Table 2). After the reaction was
completed the reaction mass was poured on crushed ice. The obtained solid was

Entry CAN mol (%) Solvent Time (min) Yield (%)

1 — — 80 5

2 5 MeCN 60 40

3 10 MeCN 60 58

4 5 Toluene 70 53

5 10 Toluene 70 60

6 5 EtOH 60 68

7 10 EtOH 60 76

8 5 EtOH-H2O (2:2) 35 80

9 10 EtOH-H2O (2:2) 35 93

10 15 EtOH-H2O (2:2) 35 86

Table 1.
Optimizing of the reaction conditions for 5-bromo-1-methyl-1H-indazol-3-amine (3c).
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filtered, washed with water and dried. The crude compound was crystallized using
DMF-Ethanol. Their structure was confirmed by 1H NMR, physical data, mass, IR
and elemental analysis.

1-methyl-1H-indazol-3-amine (3a):
IR (KBr, υmax in cm�1): 3422 (N-H str., -Amine),2982,2942 (C-H asym. Str.

aliphatic), 2830 (C-H sym. Str., aliphatic), 3054 (C-H str., aromatic),1540 (C=N
str., Indazolyl), 1342 (C-N str.), 1504,1465 (C=C str., aromatic), 1119, 1126 (C-H i.
p. def., aromatic), 867 (C-H o.o.p. def., aromatic).

1H NMR δ ppm (DMSO-d6): δ 3.79 (s, 3H, -CH3), 5.36 (s, 2H, Amine), 7.2–7.8
(m,4H, Ar-H).

13C-NMR (100 MHz, DMSO): δ 35.52, 110.06, 112.34, 118.15, 122.83, 128.64,
139.45, 147.50 ppm.

LCMS (ESI+) m/z: 148[M + 1]+, 271[M + Na]+, 249[M + Na + H]+ .
Elemental Analysis: Calcd. For C8H9N3; calculated: C, 65.29; H, 6.16; N, 28.55

Found: C, 64.54; H, 6.19; N, 27.95.

Comp. R R’ product m.p (°C) Yield (%)

3a H Me 95–97 90

3b H H 150–152 87

3c 5-Br Me 133–135 93

3d 5-Cl Me 130–132 89

3e 6-OMe H 116–120 90

3f 4-Br H 171–174 95

3 g 5-I H 177–179 93

3 h 5-F H 165–167 90

Table 2.
CAN catalyze synthesis of 3-aminoindazole under ultrasound irradiation (3a-3 h).
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Micro, Mass Spectrophotometer. IR spectra were recorded on a Shimadzu IR Spec-
trophotometer (KBr, υmax in cm�1). The compounds are purified by using column
chromatography on silica gel (60–120 mesh). Elemental (CHN) examination was
done using Thermo Scientific (Flash-2000), the compounds were investigated for
carbon, hydrogen and nitrogen and the results found are in good agreement with
the calculated values.

3. Experimental section

3.1 The optimization of the reaction conditions

The optimization of the reaction is done using different solvents and also solvent
free condition was applied and the reaction carried out under ultrasound irradia-
tion. When the reaction was performed without solvent the yield obtained was in
trace amount. When different solvent like acetonitrile, toluene and ethanol it the
yield was less and the time taken for completion of reaction was more. But using
(CAN) (10 mol %) EtOH-H2O (2:2) (entry 9) at 50–60°C for 35 min. we got good
yield in less time and thus the reaction was optimized. The results were summarized
in (Table 1).

General Procedure for the synthesis 3-aminoindazole (3a-h):- A mixture of
benzonitrile (1a-h) (1.0 mmol), hydrazine (2a-h) (1.2 mmol) and (CAN) (10 mol)
in solvent EtOH-H2O (2:2) were taken in single neck round bottom flask and the
flask containing reaction mixture was kept in the ultrasonic bath and was irradiated
at 50-60°C for about 30–40 min. (the progress of reaction was monitored by TLC at
different interval) separately as indicated in (Table 2). After the reaction was
completed the reaction mass was poured on crushed ice. The obtained solid was

Entry CAN mol (%) Solvent Time (min) Yield (%)

1 — — 80 5

2 5 MeCN 60 40

3 10 MeCN 60 58

4 5 Toluene 70 53

5 10 Toluene 70 60

6 5 EtOH 60 68

7 10 EtOH 60 76

8 5 EtOH-H2O (2:2) 35 80

9 10 EtOH-H2O (2:2) 35 93

10 15 EtOH-H2O (2:2) 35 86

Table 1.
Optimizing of the reaction conditions for 5-bromo-1-methyl-1H-indazol-3-amine (3c).
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filtered, washed with water and dried. The crude compound was crystallized using
DMF-Ethanol. Their structure was confirmed by 1H NMR, physical data, mass, IR
and elemental analysis.

1-methyl-1H-indazol-3-amine (3a):
IR (KBr, υmax in cm�1): 3422 (N-H str., -Amine),2982,2942 (C-H asym. Str.

aliphatic), 2830 (C-H sym. Str., aliphatic), 3054 (C-H str., aromatic),1540 (C=N
str., Indazolyl), 1342 (C-N str.), 1504,1465 (C=C str., aromatic), 1119, 1126 (C-H i.
p. def., aromatic), 867 (C-H o.o.p. def., aromatic).

1H NMR δ ppm (DMSO-d6): δ 3.79 (s, 3H, -CH3), 5.36 (s, 2H, Amine), 7.2–7.8
(m,4H, Ar-H).

13C-NMR (100 MHz, DMSO): δ 35.52, 110.06, 112.34, 118.15, 122.83, 128.64,
139.45, 147.50 ppm.

LCMS (ESI+) m/z: 148[M + 1]+, 271[M + Na]+, 249[M + Na + H]+ .
Elemental Analysis: Calcd. For C8H9N3; calculated: C, 65.29; H, 6.16; N, 28.55

Found: C, 64.54; H, 6.19; N, 27.95.

Comp. R R’ product m.p (°C) Yield (%)

3a H Me 95–97 90

3b H H 150–152 87

3c 5-Br Me 133–135 93

3d 5-Cl Me 130–132 89

3e 6-OMe H 116–120 90

3f 4-Br H 171–174 95

3 g 5-I H 177–179 93

3 h 5-F H 165–167 90

Table 2.
CAN catalyze synthesis of 3-aminoindazole under ultrasound irradiation (3a-3 h).
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General Reaction:- Synthesis of compounds Indazole (3a-3 h) Derivatives.

1-H-Indazol-3-amine (3b):
IR (KBr, υmax in cm�1): 3420 (N-H str., -Amine), 2980, 2941 (C-Hasym. str.

aliphatic), 2833 (C-H sym. Str., aliphatic), 3051 (C-H str., aromatic),1544 (C=N
str., Indazolyl), 1343 (C-N str.), 1503,1464 (C=C str., aromatic), 1116, 1123 (C-H i.
p. def., aromatic), 864 (C-H o.o.p. def., aromatic),554 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): 5.41 (s, 2H, -NH2), 12.4 (s, 1H, ring-N-H), 7.2–7.7
(m,4H, Ar-H).

13C NMR δ ppm (DMSO-d6): δ 41.55, 108.01, 113.34, 117.75, 126.88, 128.62, 141.59,
LCMS (ESI+) m/z: 134[M + 1]+,157[M + Na]+, 158[M + Na + H]+.
Elemental Analysis: Calcd. For C7H7N3; calculated: C, 63.14; H, 5.30; N,

31.56Found: C, 63.17; H, 5.34; N, 31.34.
5-bromo-1-methyl-1H-indazol-3-amine (3c):
IR (KBr, υmax in cm�1): 3424 (N-H str., -Amine), 2983,2943 (C-H asym. Str.

aliphatic), 2834 (C-H sym. Str., aliphatic), 3052 (C-H str., aromatic),1541 (C=N
str., Indazolyl), 1344 (C-N str.), 1501,1464 (C=C str., aromatic), 1116, 1122 (C-H i.
p. def., aromatic), 861 (C-H o.o.p. def., aromatic),556 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): 3.65 (s, 3H, -CH3), 5.47 (s, 2H, -NH2), 7.5–7.6
(d, 2H, Ar-H), 7.93 (s, 1H, Ar-H).

13C NMR δ ppm (DMSO-d6): 34.55, 109.01, 110.34, 115.75, 122.88, 128.62,
139.59, 147.69.

LCMS (ESI+) m/z: 225[M + 1]+, 248[M + Na]+, 249[M + Na + H]+.
Elemental Analysis: Calcd. For C8H8BrN3; calculated: C, 42.50; H, 3.57; Br,

35.34; N, 18.59 Found: C, 42.45; H, 3.59; N, 18.62.
5-chloro-1-methyl-1H-indazol-3-amine (3d):
IR (KBr, υmax in cm�1): 3423 (N-H str., -Amine), 2976, 2943 (C-H asym. Str.

aliphatic), 2834 (C-H sym. Str., aliphatic),3053 (C-H str., aromatic), 1541 (C=N
str., Indazolyl), 1345 (C-N str.), 1501,1462 (C=C str., aromatic), 1114, 1122 (C-H i.
p. def., aromatic), 863 (C-H o.o.p. def., aromatic),554 (C-Br str., Ar-Br).

1H NMR δppm (DMSO-d6): δ 3.81 (s, 3H, -CH3), 5.36 (s, 2H, -NH2),7.3–7.5(d,
2H, Ar-H), 7.85 (s, 1H, Ar-H).

13CNMR δ ppm (DMSO-d6): δ 35.41, 110.03, 114.34, 120.75, 125.88, 126.62,
136.59, 146.61.

LCMS (ESI+) m/z: 182[M + 1]+, 205[M + Na]+, 206[M + Na + H]+.
Elemental Anal.Calcd. For C8H8ClN3; calculated: C, 52.90; H, 4.44; N, 23.14

Found: C, 52.93; H, 4.40; N, 23.15.
4-methoxy-1H-indazol-3-amine (3e):
IR (KBr, υmax in cm�1): 3426 (N-H str., -Amine), 2983, 2943 (C-H asym. Str.

aliphatic), 2834 (C-H sym. Str., aliphatic), 3053 (C-H str., aromatic), 1542 (C=N
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str., Indazolyl), 1346 (C-N str.), 1506,1460 (C=C str., aromatic), 1113, 1120 (C-H i.
p. def., aromatic), 865 (C-H o.o.p. def., aromatic),553 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): δ 3.73 (s, 3H, -CH3), 5.43 (s, 2H, -NH2), 6.7
(d, 1H, Ar-H), 7.2 (d, 1H, Ar-H), 7.5 (d, 1H, Ar-H), 12.4 (s, 1H, -NH of ring).

13C-NMR δ ppm (DMSO-d6): δ 55.09, 95.02, 105.8, 106.8, 127.04, 142.02,
149.05, and 153.12.

LCMS (ESI+) m/z: 164[M + 1]+, 187 [M + Na]+, 188[M + Na + H]+.
Elemental Anal.Calcd. For C8H9N3O; calculated: C, 58.88; H, 5.56; N, 25.75

Found: C, 58.30; H, 5.43; N, 25.70.
6-bromo-1H-indazol-3-amine (3f):
IR (KBr, υmax in cm�1): 3421 (N-H str., -Amine), 2984, 2944 (C-H asym. Str.

aliphatic), 2835 (C-H sym. Str., aliphatic), 3052 (C-H str., aromatic), 1541 (C=N
str., Indazolyl), 1347 (C-N str.), 1504,1466 (C=C str., aromatic), 1117, 1125 (C-H i.
p. def., aromatic), 866 (C-H o.o.p. def., aromatic),553 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): 5.38 (s, 2H, -NH2), 7.4(d, 1H, Ar-H), 7.7(d, 1H,
Ar-H), 7.8 (s, 1H, Ar-H), 12.4 (s, 1H, ring-N-H).

13C-NMR δ ppm (DMSO-d6): 107.04, 113.34, 120.05, 122.03, 124.22, 143.10,
149.32. LCMS (ESI+) m/z: 212[M + 1]+, 235[M + Na]+, 236[M + Na + H]+ .

Elemental Anal.Calcd. For C7H6BrN3; calculated: C, 39.65; H, 2.85; N, 19.82
Found: C, 39.62; H, 2.82; N, 19.78.

5-iodo-1H-indazol-3-amine (3 g):
IR (KBr, υmax in cm�1): 3419 (N-H str., -Amine), 2984, 2945 (C-H asym. Str.

aliphatic), 2836 (C-H sym. Str., aliphatic), 3055 (C-H str., aromatic), 1541 (C=N
str., Indazolyl), 1343 (C-N str.), 1505,1467 (C=C str., aromatic), 1120, 1125 (C-H i.
p. def., aromatic), 861 (C-H o.o.p. def., aromatic),556 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): 5.44 (s, 2H, -NH2),), 7.4(d, 1H, Ar-H), 7.7(d, 1H,
Ar-H), 8.2 (s, 1H, Ar-H), 12.4 (s, 1H, ring -N-H).

13C-NMR δ ppm (DMSO-d6): 88.3, 110.18, 115.37, 129.15, 134.23, 128.62,
140.31, 149.81 LCMS (ESI+) m/z: 259[M + 1]+, 282[M + Na]+, 283[M + Na + H]+ .

Elemental Anal.Calcd. For C7H6IN3; calculated: C, 32.46; H, 2.33; N, 16.22
Found: C, 32.35; H, 2.36; N, 15.98.

5-fluoro-1H-indazol-3-amine (3 h):
IR (KBr, υmax in cm�1): 3425 (N-H str., -Amine), 2983, 2943 (C-H asym. Str.

aliphatic), 2835 (C-H sym. Str., aliphatic), 3056 (C-H str., aromatic), 1546 (C=N
str., Indazolyl), 1347 (C-N str.), 1502,1465 (C=C str., aromatic), 1119, 1126 (C-H i.
p. def., aromatic), 865 (C-H o.o.p. def., aromatic),556 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): 4.98 (s, 2H, -NH2),), 7.1(d, 1H, Ar-H), 7.6(d, 1H,
Ar-H), 7.9 (s, 1H, Ar-H), 12.41 (s, 1H, ring -N-H).

13C-NMR δ ppm (DMSO-d6): 107.12, 110, 112.17, 115.17, 134.23, 149.81, 153.32.
LCMS (ESI+) m/z: 259[M + 1]+, 282[M + Na]+, 283 [M + Na + H]+ .
Elemental Anal.Calcd. For C7H6FN3; calculated: C, 55.63; H, 4.00; N, 27.80

Found: C, 55.67; H, 3.98; N, 27.40.

3.2 Physico-chemical characterization

Benzonitrile (1a-h) is reacted with hydrazine (2a-h) in presence of catalyst ceric
(IV) ammonium nitrate (CAN) in solvent EtOH-H2O by using ultrasonic irradiation
which undergoes cyclocondensation reaction to give substituted 3-aminoindazole
(3a-h). The physical constants like melting point and solubility were determined for
all the intermediate and final products. At every stage the reaction is monitored
with TLC. Newly synthesized compound have been characterized on the basis of
spectral data and elemental analysis such as FT-IR, 1H NMR, 13CNMR and mass
spectra and they also screened for antimicrobial activities.
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General Reaction:- Synthesis of compounds Indazole (3a-3 h) Derivatives.

1-H-Indazol-3-amine (3b):
IR (KBr, υmax in cm�1): 3420 (N-H str., -Amine), 2980, 2941 (C-Hasym. str.

aliphatic), 2833 (C-H sym. Str., aliphatic), 3051 (C-H str., aromatic),1544 (C=N
str., Indazolyl), 1343 (C-N str.), 1503,1464 (C=C str., aromatic), 1116, 1123 (C-H i.
p. def., aromatic), 864 (C-H o.o.p. def., aromatic),554 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): 5.41 (s, 2H, -NH2), 12.4 (s, 1H, ring-N-H), 7.2–7.7
(m,4H, Ar-H).

13C NMR δ ppm (DMSO-d6): δ 41.55, 108.01, 113.34, 117.75, 126.88, 128.62, 141.59,
LCMS (ESI+) m/z: 134[M + 1]+,157[M + Na]+, 158[M + Na + H]+.
Elemental Analysis: Calcd. For C7H7N3; calculated: C, 63.14; H, 5.30; N,

31.56Found: C, 63.17; H, 5.34; N, 31.34.
5-bromo-1-methyl-1H-indazol-3-amine (3c):
IR (KBr, υmax in cm�1): 3424 (N-H str., -Amine), 2983,2943 (C-H asym. Str.

aliphatic), 2834 (C-H sym. Str., aliphatic), 3052 (C-H str., aromatic),1541 (C=N
str., Indazolyl), 1344 (C-N str.), 1501,1464 (C=C str., aromatic), 1116, 1122 (C-H i.
p. def., aromatic), 861 (C-H o.o.p. def., aromatic),556 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): 3.65 (s, 3H, -CH3), 5.47 (s, 2H, -NH2), 7.5–7.6
(d, 2H, Ar-H), 7.93 (s, 1H, Ar-H).

13C NMR δ ppm (DMSO-d6): 34.55, 109.01, 110.34, 115.75, 122.88, 128.62,
139.59, 147.69.

LCMS (ESI+) m/z: 225[M + 1]+, 248[M + Na]+, 249[M + Na + H]+.
Elemental Analysis: Calcd. For C8H8BrN3; calculated: C, 42.50; H, 3.57; Br,

35.34; N, 18.59 Found: C, 42.45; H, 3.59; N, 18.62.
5-chloro-1-methyl-1H-indazol-3-amine (3d):
IR (KBr, υmax in cm�1): 3423 (N-H str., -Amine), 2976, 2943 (C-H asym. Str.

aliphatic), 2834 (C-H sym. Str., aliphatic),3053 (C-H str., aromatic), 1541 (C=N
str., Indazolyl), 1345 (C-N str.), 1501,1462 (C=C str., aromatic), 1114, 1122 (C-H i.
p. def., aromatic), 863 (C-H o.o.p. def., aromatic),554 (C-Br str., Ar-Br).

1H NMR δppm (DMSO-d6): δ 3.81 (s, 3H, -CH3), 5.36 (s, 2H, -NH2),7.3–7.5(d,
2H, Ar-H), 7.85 (s, 1H, Ar-H).

13CNMR δ ppm (DMSO-d6): δ 35.41, 110.03, 114.34, 120.75, 125.88, 126.62,
136.59, 146.61.

LCMS (ESI+) m/z: 182[M + 1]+, 205[M + Na]+, 206[M + Na + H]+.
Elemental Anal.Calcd. For C8H8ClN3; calculated: C, 52.90; H, 4.44; N, 23.14

Found: C, 52.93; H, 4.40; N, 23.15.
4-methoxy-1H-indazol-3-amine (3e):
IR (KBr, υmax in cm�1): 3426 (N-H str., -Amine), 2983, 2943 (C-H asym. Str.

aliphatic), 2834 (C-H sym. Str., aliphatic), 3053 (C-H str., aromatic), 1542 (C=N
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str., Indazolyl), 1346 (C-N str.), 1506,1460 (C=C str., aromatic), 1113, 1120 (C-H i.
p. def., aromatic), 865 (C-H o.o.p. def., aromatic),553 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): δ 3.73 (s, 3H, -CH3), 5.43 (s, 2H, -NH2), 6.7
(d, 1H, Ar-H), 7.2 (d, 1H, Ar-H), 7.5 (d, 1H, Ar-H), 12.4 (s, 1H, -NH of ring).

13C-NMR δ ppm (DMSO-d6): δ 55.09, 95.02, 105.8, 106.8, 127.04, 142.02,
149.05, and 153.12.

LCMS (ESI+) m/z: 164[M + 1]+, 187 [M + Na]+, 188[M + Na + H]+.
Elemental Anal.Calcd. For C8H9N3O; calculated: C, 58.88; H, 5.56; N, 25.75

Found: C, 58.30; H, 5.43; N, 25.70.
6-bromo-1H-indazol-3-amine (3f):
IR (KBr, υmax in cm�1): 3421 (N-H str., -Amine), 2984, 2944 (C-H asym. Str.

aliphatic), 2835 (C-H sym. Str., aliphatic), 3052 (C-H str., aromatic), 1541 (C=N
str., Indazolyl), 1347 (C-N str.), 1504,1466 (C=C str., aromatic), 1117, 1125 (C-H i.
p. def., aromatic), 866 (C-H o.o.p. def., aromatic),553 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): 5.38 (s, 2H, -NH2), 7.4(d, 1H, Ar-H), 7.7(d, 1H,
Ar-H), 7.8 (s, 1H, Ar-H), 12.4 (s, 1H, ring-N-H).

13C-NMR δ ppm (DMSO-d6): 107.04, 113.34, 120.05, 122.03, 124.22, 143.10,
149.32. LCMS (ESI+) m/z: 212[M + 1]+, 235[M + Na]+, 236[M + Na + H]+ .

Elemental Anal.Calcd. For C7H6BrN3; calculated: C, 39.65; H, 2.85; N, 19.82
Found: C, 39.62; H, 2.82; N, 19.78.

5-iodo-1H-indazol-3-amine (3 g):
IR (KBr, υmax in cm�1): 3419 (N-H str., -Amine), 2984, 2945 (C-H asym. Str.

aliphatic), 2836 (C-H sym. Str., aliphatic), 3055 (C-H str., aromatic), 1541 (C=N
str., Indazolyl), 1343 (C-N str.), 1505,1467 (C=C str., aromatic), 1120, 1125 (C-H i.
p. def., aromatic), 861 (C-H o.o.p. def., aromatic),556 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): 5.44 (s, 2H, -NH2),), 7.4(d, 1H, Ar-H), 7.7(d, 1H,
Ar-H), 8.2 (s, 1H, Ar-H), 12.4 (s, 1H, ring -N-H).

13C-NMR δ ppm (DMSO-d6): 88.3, 110.18, 115.37, 129.15, 134.23, 128.62,
140.31, 149.81 LCMS (ESI+) m/z: 259[M + 1]+, 282[M + Na]+, 283[M + Na + H]+ .

Elemental Anal.Calcd. For C7H6IN3; calculated: C, 32.46; H, 2.33; N, 16.22
Found: C, 32.35; H, 2.36; N, 15.98.

5-fluoro-1H-indazol-3-amine (3 h):
IR (KBr, υmax in cm�1): 3425 (N-H str., -Amine), 2983, 2943 (C-H asym. Str.

aliphatic), 2835 (C-H sym. Str., aliphatic), 3056 (C-H str., aromatic), 1546 (C=N
str., Indazolyl), 1347 (C-N str.), 1502,1465 (C=C str., aromatic), 1119, 1126 (C-H i.
p. def., aromatic), 865 (C-H o.o.p. def., aromatic),556 (C-Br str., Ar-Br).

1H NMR δ ppm (DMSO-d6): 4.98 (s, 2H, -NH2),), 7.1(d, 1H, Ar-H), 7.6(d, 1H,
Ar-H), 7.9 (s, 1H, Ar-H), 12.41 (s, 1H, ring -N-H).

13C-NMR δ ppm (DMSO-d6): 107.12, 110, 112.17, 115.17, 134.23, 149.81, 153.32.
LCMS (ESI+) m/z: 259[M + 1]+, 282[M + Na]+, 283 [M + Na + H]+ .
Elemental Anal.Calcd. For C7H6FN3; calculated: C, 55.63; H, 4.00; N, 27.80

Found: C, 55.67; H, 3.98; N, 27.40.

3.2 Physico-chemical characterization

Benzonitrile (1a-h) is reacted with hydrazine (2a-h) in presence of catalyst ceric
(IV) ammonium nitrate (CAN) in solvent EtOH-H2O by using ultrasonic irradiation
which undergoes cyclocondensation reaction to give substituted 3-aminoindazole
(3a-h). The physical constants like melting point and solubility were determined for
all the intermediate and final products. At every stage the reaction is monitored
with TLC. Newly synthesized compound have been characterized on the basis of
spectral data and elemental analysis such as FT-IR, 1H NMR, 13CNMR and mass
spectra and they also screened for antimicrobial activities.
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The IR spectrum of 3c showed strong band absorption bands at 3424 cm�1 due
to -NH- stretch in amine while bands at 1541 cm�1 is observed due to C=N stretch in
Indazolyl and absorption band at 556 cm�1 showsC-Br aromatic stretching and
stretch at 1344 cm�1 was observed for C-N str group confirms the cyclisation to
form 5-bromo-1-methyl-1H-indazol-3-amine3c.1H NMR of 3c revealed a singlet
signal at 3.65 ppm, at aliphatic region owing to three protons of -CH3 group
attached to aromatic ring, one more singlet at δ 5.47 ppm confirm protons of

Zone of Inhibition (mm)

Compd. Code Gram + ve Gram –ve

S. aureus P.vulgaris

Conc. (μg/mL) Conc. (μg/mL)

1000 500 250 125 63.5 31 1000 500 250 125 63.5 31

3a 21 22 21 20 17 13 27 24 21 18 17 10

3b 23 21 20 18 16 18 25 22 19 16 14 09

3c 25 21 19 20 16 15 28 23 21 17 15 11

3d 23 22 21 19 18 15 27 24 20 18 17 12

3e 19 20 16 15 13 14 21 19 15 14 13 09

3f 24 23 21 20 17 16 25 23 21 19 15 08

3 g 23 20 18 17 16 13 23 22 21 16 14 10

3 h 20 18 16 15 13 11 26 21 17 15 12 09

DMSO — — — — — — — — — — — —

Std. Drug Chloramphenicol 25 22 20 19 17 15 26 24 23 21 17 15

Table 3.
Antibacterial profile of 3-aminoindazole derivative (3a-h) .

Zone of Inhibition (mm)

Compd. Code Gram –ve

E. coli S.typhi

Conc. (μg/mL) Conc. (μg/mL)

1000 500 250 125 63.5 31 1000 500 250 125 63.5 31

3a 26 24 22 21 16 12 16 15 12 11 10 09

3b 24 21 19 18 17 16 16 14 10 09 06 07

3c 25 24 20 17 16 15 17 16 11 10 09 08

3d 26 23 21 20 17 11 14 10 08 08 07 09

3e 23 22 20 18 14 12 16 14 12 11 09 07

3f 25 24 22 20 18 15 17 16 11 10 09 08

3 g 21 20 17 16 14 11 15 13 11 10 08 07

3 h 22 21 20 18 16 13 14 12 10 08 06 05

DMSO — — — — — — — — — — — —

Std. Drug Chloramphenicol 26 24 23 21 17 14 17 15 12 11 09 08

Table 4.
Antibacterial profile of 3-aminoindazole derivative (3a-h).
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–NH2- group, Remaining 1H NMR signal is present at aromatic region as expected.
C13 NMR also supported data singlet signal at δ34.55, ppm revealed one aliphatic
carbon, of -CH3 attached to indazole ring. ESI-MS Mass spectra also confirm the
molecular ion at (m/z) value at 225[M + 1]+, and further supported by elemental
analysis data found to be in good agreement with the molecular formula of
C8H8BrN3.

Potent antibacterial/inhibition profile of 3-amino indazole (at different
concentration) by agar disc-diffusion method: - The entire novel synthesized
heterocyclic compounds 3a-h was screened for their in-vitro antimicrobial activity
using disc-diffusion method. Their activity was compared with well-known com-
mercial antibiotic Chloramphenicol. Antibacterial activity was determined by using
Mueller Hinton Agar obtained from Hi media Ltd., Mumbai. Petri plates were
prepared by pouring 10 mL of Mueller Hinton Agar for bacteria containing micro-
bial culture was allowed to solidify. Test solutions were prepared with known
weight of compound in DMSO and half diluted suitably to give the resultant

Figure 4.
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The IR spectrum of 3c showed strong band absorption bands at 3424 cm�1 due
to -NH- stretch in amine while bands at 1541 cm�1 is observed due to C=N stretch in
Indazolyl and absorption band at 556 cm�1 showsC-Br aromatic stretching and
stretch at 1344 cm�1 was observed for C-N str group confirms the cyclisation to
form 5-bromo-1-methyl-1H-indazol-3-amine3c.1H NMR of 3c revealed a singlet
signal at 3.65 ppm, at aliphatic region owing to three protons of -CH3 group
attached to aromatic ring, one more singlet at δ 5.47 ppm confirm protons of

Zone of Inhibition (mm)

Compd. Code Gram + ve Gram –ve

S. aureus P.vulgaris

Conc. (μg/mL) Conc. (μg/mL)

1000 500 250 125 63.5 31 1000 500 250 125 63.5 31

3a 21 22 21 20 17 13 27 24 21 18 17 10

3b 23 21 20 18 16 18 25 22 19 16 14 09

3c 25 21 19 20 16 15 28 23 21 17 15 11

3d 23 22 21 19 18 15 27 24 20 18 17 12

3e 19 20 16 15 13 14 21 19 15 14 13 09

3f 24 23 21 20 17 16 25 23 21 19 15 08

3 g 23 20 18 17 16 13 23 22 21 16 14 10

3 h 20 18 16 15 13 11 26 21 17 15 12 09

DMSO — — — — — — — — — — — —

Std. Drug Chloramphenicol 25 22 20 19 17 15 26 24 23 21 17 15

Table 3.
Antibacterial profile of 3-aminoindazole derivative (3a-h) .

Zone of Inhibition (mm)

Compd. Code Gram –ve

E. coli S.typhi

Conc. (μg/mL) Conc. (μg/mL)

1000 500 250 125 63.5 31 1000 500 250 125 63.5 31

3a 26 24 22 21 16 12 16 15 12 11 10 09

3b 24 21 19 18 17 16 16 14 10 09 06 07

3c 25 24 20 17 16 15 17 16 11 10 09 08

3d 26 23 21 20 17 11 14 10 08 08 07 09

3e 23 22 20 18 14 12 16 14 12 11 09 07

3f 25 24 22 20 18 15 17 16 11 10 09 08

3 g 21 20 17 16 14 11 15 13 11 10 08 07

3 h 22 21 20 18 16 13 14 12 10 08 06 05

DMSO — — — — — — — — — — — —

Std. Drug Chloramphenicol 26 24 23 21 17 14 17 15 12 11 09 08

Table 4.
Antibacterial profile of 3-aminoindazole derivative (3a-h).
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–NH2- group, Remaining 1H NMR signal is present at aromatic region as expected.
C13 NMR also supported data singlet signal at δ34.55, ppm revealed one aliphatic
carbon, of -CH3 attached to indazole ring. ESI-MS Mass spectra also confirm the
molecular ion at (m/z) value at 225[M + 1]+, and further supported by elemental
analysis data found to be in good agreement with the molecular formula of
C8H8BrN3.
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weight of compound in DMSO and half diluted suitably to give the resultant
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concentration of 31-1000 μg/mL. Whatmann no.1 sterile filter paper discs (6 mm)
were impregnated with solution and allowed to dry at room temperature. The discs
were then applied and the plates were incubated at 37°C for 24 h (bacteria) and the
inhibition zone (Figure 6) was measured as diameter in four directions and
expressed as mean. The results of the antimicrobial screening are illustrated in the
Tables 3 and 4. From the results it is clear that the compounds tested showed
variable toxicity against different bacteria.

3.3 Mechanism of inhibition/prohibition

Gram-negative bacteria habitually owe low susceptibility as outer membrane
of their cell wall not gets blocked/penetrated by drugs easily and factors like
amount of peptidoglycan, receptors, and lipids availability, nature of cross-
linking, autolytic enzymes activity greatly influence the bio-activity, permeation,
and incorporation of the antibacterial drugs. There are three behaviors in which
antibacterial drugs have thus far beenshown to exert their definite actions upon
bacteria: 1) by interfering with the synthesis of the relatively rigid cell wall which

Figure 5.
Antimicrobial activity of compound 3a-h against Gram - bacteria E. coli and S. typhi.
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Maintains the structural integrity of the bacterial cell (2) by destructivethe elusive
membrane, which encompasses the bacterial cytoplasm and assists as an essential
osmotic barricade to the free diffusion of severalmetabolites and (3) by blocking
cytoplasmic metabolic reactions which are involved in critical synthetic processes
within the cell. Consequences of bioassay indicated that compound (Figures 4 and 5)
3a, 3c, 3d, 3f showed excellent activity against S. aureus and P.vulgaris and
E.coli. Remaining compounds exhibited reasonable activity against selected bacterial
strains.

4. Conclusions

In summary, in the present chapter we have described an efficient simple and
reproducible method afforded various amino indazole derivatives (3a-h) in excel-
lent yields, and without formation of undesirable side products. The synthetic
protocol has been outlined in general reaction. At every stage the reaction was
monitored with TLC. The physical constants like melting point and solubility were
determined for all the intermediate and final products. Newly synthesized com-
pound has been characterized on the basis of spectral data and elemental analysis
such as FT-IR, 1HNMR, 13C NMR and mass spectra this chapter focused on helping
futuristic researchers, clinicians, and academicians involved in synthesizing and
corresponding biological screening of innate activity of certain novel amino
indazole heterocycleswe have described here novel series of Indazole (3a-h) deriv-
ative. The presented series of compounds were synthesized in decent yields. The
structure and purity of newly synthesized compounds were established by spectro-
scopic investigation and chemical examination. Antibacterial screening of synthe-
sized substituted indazole (3a-h) derivatives exhibited a potent bactericidal. Thus,
it could be powerfully stimulates major advances in remarkable significant chemo-
therapeutics in medicine, biology and pharmacy. Overall these indazole disturb

Figure 6.
Zone of inhibition in mm.
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macromolecules like cytoplasmic membrane covering cytoplasm which acts selec-
tive barrier to control internal composition of cell. Amino indazole derivative par-
ticularly interrupted such functional roles of cytoplasmic membrane and ionic
outflow that resulted cell destruction/death. Synthesized potent bioactive
substituted indazole derivatives may open new possibilities in the successful treat-
ment of several diseases due to promising antibacterial profile. So, ample scope
exists in further research of this heterocycle especially innate selectivity of these
compounds needs to carry out their chemotherapy as potent antibacterial aims to
target cell membrane of range of Gram-negative bacteria as to derive novel drugs
ofInventive era. Among the synthesized compounds most of the compounds
exhibited good to moderate activity against selected strains S. aureus, P. vulgaris and
E. coli while poor activity was evaluated for S. typhi (Figure 5). This variation in
toxicity it may attribute due to union ofdifferent substituent attached to the core 3-
aminoindazole which may enhances the biological activities of parent nucleus.
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Chapter 6

Green Computing: A Machinery 
for Sustainable Development in 
the Post-Covid Era
Wilson Nwankwo and Paschal Uchenna Chinedu

Abstract

Socio-economic sustainability has emerged the common song of the policy makers 
globally. It has been projected as a developmental strategy by international and 
regional agencies. There has been several campaigns and programs all of which are 
intended to promote sustainability. In developing countries, the masses have been 
bamboozled with often unrealistic bogus policies hypocritically crafted in a bid to 
deceive the uninformed who are undoubtedly helpless in the midst of the conun-
drum. However, the 2019 reports of the IPCC and OECD respectively on global 
warming, sustainability and climate change is not a phenomenon that should be 
swept under the carpet by any sensible government. Though in many jurisdictions, 
campaigns and policies have long assumed political undertone, it must be stressed 
that it is time for talking the walk. Governments must put up implementable 
strategies that are all encompassing across the various sociopolitical classes and the 
different industry levels. According to the said reports, global warming and climate 
change pose severe challenges to sustainability and this is attributed to social, and 
economic root causes. The social sources are conflicts and poor socio-political 
governance structures whereas the economic sources are connected to industry, 
electricity, residential, agriculture, and transport. It is reported that 60% of greenhouse 
emissions globally emanate from the economic source. The worst hit is the sub-Saharan 
Africa where the dumping of electronic wastes and uncontrolled deployment of 
unregulated hardware for industry operations have remained a major environmen-
tal menace in the last decade. Having regard to the foregoing, this paper seeks to 
provide a systematic inquiry into the green computing policies and legislations in a 
major economic hub in the sub-Saharan Africa. The essence of this investigation is 
to critically review the present status of existing policies, strategies, and legislation 
vis-à-vis their strengths, lapses, and the contributory effect of these on driving the 
sustainability programs in the general developmental outlook of the sub region.

Keywords: green computing, environmental computing, computer wastes, climate 
change, sustainability

1. Introduction

Green computing (GC) has remained an important aspect of vital discussions 
involving environmental protection, green energy, climate change and sustainable 
development, though several equivalent terms such as Green ICT (GICT), ICT 
sustainability, and perhaps in a broader terminology, ‘environmental computing’, one 
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thing remains glaring that is, the common goal which, according to the global body on 
GICT, the International Federation of Global and Green Information Communication 
Technology (IFGICT), is to practice and achieve eco-friendly deployment and use 
of ICT in the society. Ordinarily, the green computing ideology is aimed at reducing 
the perilous component load during computing equipment manufacturing. It is also 
concerned with energy-efficient and eco-friendly computing as well as processes for 
marshaling out machineries that enhance the biodegradability of computer-based 
wastes [1]. Green computing cover the spectrum of large-scale computing environ-
ment such as data centres, and mobile systems [2, 3]. It has been noted that green 
computing is a major leap in mitigating environmental pollution, degradation, and 
the impacts of climate change [1]. Adopting the tenets of green computing does entail 
producing and using energy-efficient computing devices, developing cutting edge 
strategies and research towards reducing energy consumption, and the appropriate 
disposal of electronic waste arising therefrom. Abugabah and Abubaker proposed a 
5-phase lifecycle strategy for green computing [4]. According to the said proposal, 
green computing encompasses green design, green production, green procurement, 
green operations, and green disposal. Whereas the proposition is apt, it must be 
noted that these technical phases are not naturally continuous as in a process cycle but 
could occur independently. Consequently, each phase may present unique concerns 
that are influenced and shaped by social and economic forces (e.g. policies, legisla-
tions, lifestyles, culture, etc.) hence must be factored in for an effective greener ICT 
ecosystem. With the ever-growing global population, the demands for computing 
and ICT devices may experience sustained increase and the consequence is enormous 
pressure on the manufacturers to either release new technologies or increase the 
volume of production of current brands [5]. There is no gainsaying that technology 
advancement has its downsides or side effects which include generation of e-wastes, 
pollution, health and environmental degradation. In this chapter, three key factors 
that promote these side effects have been identified. They are: Unregulated and 
indiscriminate deployment of heavy ICT infrastructure; rapid technology evolution; 
and socioeconomic inequities in developing countries.

1.1 Unregulated deployment of energy-intensive ICT infrastructure

The unregulated deployment of heavy ICT infrastructure such as data centres 
and base stations for telecommunications, is a major contributor to environmental 
pollution and other environmental imbalances. Nwankwo and Ukhurebor noted 
that data centres have become indispensable in driving socioeconomic activities 
globally in recent times [6]. Data centres are not only run by technology service 
providers (TSPs) such as telecommunications and ICT service provisioning compa-
nies but are commonplace in the industry sector (cement factories, steel production 
factories, consumer goods production industries, automobile factories, finance and 
banking organizations, etc.) of every economy. These energy-intensive infrastruc-
ture are localized in many industrial zones in developing and developed countries. 
It has been noted that across all economic sectors including the public sector, mod-
ernization programs are not complete without ICT infrastructure [7–12]. Research 
has shown that data centres contribute significantly to greenhouse emissions, 
pollutions and eventually climate change [13–20]. In the post-COVID era, there is 
likely to be a surge in the deployment of data centres, mobile stations, and other 
sophisticated computing equipment as the pandemic is engendering an era wherein 
at least 80% of all economic activities are to run online. This has been christened the 
‘new normal’ across different jurisdictions. With this predicted surge, Governments 
must put up implementable strategies and machineries that are all encompassing 
across the various sociopolitical classes and the different industry levels.
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1.2 Rapid technology evolution and unfair competition

Rapid technology evolution and unfair competition globally, is a serious con-
tributory factor to the menace of electronic dumping especially in Africa and other 
developing jurisdictions [21]. Over the years, Africa has emerged the targeted desti-
nation for sales of computing hardware from Europe, Asia, and America regardless 
of the product specifications in relation to standard, safety, and ecofriendliness 
[21, 22]. Atkin described this anomaly as an environmental injustice occasioned on 
the developing nations by the developed countries (Europe, United States, Japan, 
Korea, Australia, China, etc.) who intentionally transport tons of e-waste to vulner-
able countries though with adequate knowledge that these poor countries do not 
have the resources to dispose these wastes [23].

Interestingly, despite Africa’s economic prowess and abundant human and natural 
resources that would have promoted manufacturing or local assembly of computing 
equipment within the continent, it appears the continent is sabotaged by those coun-
tries with supposedly superior technical and technological endowments. This inequity 
suffered on a large scale by the continent across the global economic sphere, is one of 
the factors that occasioned the continued inflow of substandard and electronic wastes 
into the continent amid regional and national campaigns against electronic dumping.

As noted by [24] electronic dumping has remained one of the most worrisome 
environmental issue throughout the African continent. According to their study, 
second-hand and discarded electronic products from Europe, Asia and America is 
very predominant and has continued to create an uneasy atmosphere for the dis-
posal machineries and strategies put in place by the various national governments. 
According to them the computer components that are popularly shipped to Africa 
are categorized into three: those that have reached end of life but bought by some 
Africans and other nationals that trade in second-grade goods; products phased 
out from mainstream distribution and support, by their manufacturers; and used 
products already discarded by their owners in foreign countries.

Several researchers have linked electronic dumping to advancement in technology 
and the increasing output in the production of computing and electronic devices in 
western countries and Asia [25, 26]. As more industries across different jurisdictions 
churn out new devices, the existing ones though had not reached their end-of-life 
may be discarded regardless of their utility values owing to the release and promo-
tion of newly launched sophisticated models. A typical example is mobile phones 
and personal computers (PCs). These two devices are emerging part of everyday life 
in the socioeconomic ecosystem as technology rapidly becomes the vehicle for social 
and economic activities. The existing traditional and/or simple devices are being re-
engineered using Artificial Intelligence (AI) and Internet of Things. Notice that these 
two pervasive technologies are rapidly evolving into full-fledged consumer-oriented 
technologies. The quest for intelligence in devices is exerting a tremendous effect on 
the development of new devices that would in no time replace the existing ones. In 
other words, the major concern would no longer be the end of life of the equipment per 
se but the utility value. Thus, where the utility of the device is found relatively lower 
vis-à-vis that of the emerging device, then it would be discarded in favor of the more 
sophisticated device thereby adding to the global e-waste burden. Currently, it has 
been observed that semiconductor devices and sensors are being added to products 
that were never before contemplated to have such components in them. For instance, 
the desire for wearable monitors, smart city, smart homes, smart agriculture, intel-
ligent TV, etc. with embedded capabilities to exchange information with other devices, 
though laudable, also contributes immensely to the problem of electronic wastes.

It has also been observed that the newly produced devices often exhibit shorter 
life spans owing to the use of non-removable batteries. Typical examples are smart 
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phones, tablets, consumer health monitoring devices, etc. A decade ago, almost 
every smart phone or tablet has a battery which could be easily replaced at will by 
the owner of the device once the battery’s performance falls below a certain range. 
The trend is different nowadays. Currently, these devices come with non-removable 
batteries. The implication is that once the batteries malfunction or get exhausted, 
the devices themselves would be considered useless and would ultimately be 
discarded and new ones acquired.

1.3 Socioeconomic inequities in developing countries

The quest for survival is the major promoter of the growing informal recycling 
business in developing countries. It is reported that the supposed boom in informal 
and unregulated recycling of failed and discarded computing equipment is associ-
ated with the ongoing massive shipping and dumping of these systems in developing 
countries. According to [22] these computer wastes are intentionally shipped to 
developing countries especially in Africa with the aim of selling them to users who 
may put them to use or recycling to recover some valuable elements (gold, copper, 
etc.) which may be sold thereafter to meet economic demands [27]. It is reported 
that these businesses thrive in countries such as China, Nigeria, Ghana, India, the 
Philippines, Thailand, Vietnam, etc. [28–31]. The downside of such businesses is the 
adoption of traditional methods of recycling that often release toxic and hazardous 
substances into the environment [32, 33]. Again, the massive production of these 
devices is connected to the rate at which they become obsolete. It is reported that in 
2016 alone, about 49 million tons of electronic wastes were generated and the said 
report predicts an increase to 57 million metric tons of e-wastes in 2021 [34]. Another 
report states that the global e-waste burden stood at 5.8 kg per person in 2014 which 
rose to 6.3 kg per individual globally in 2017 [35]. According to the global e-waste 
monitor, 53.6 million tons of e-waste was generated globally in 2019 [36]. This report 
agrees perfectly with the projection made by Cho in 2018 [34]. On average, 40 million 
tons of electronic waste are generated globally every year [37]. According to a report, 
the United States alone disposes over 47.5 million computer systems and hundred 
(100) million cell phones among other electronic wastes each year [23]. It is estimated 
that proper disposal of a ton of e-waste would cost 2500 USD in a developed country 
[23]. Developing countries rarely have these resources for e-waste disposal. Despite 
this, these countries allow imports of e-wastes at 3 USD per tonne.

These findings call for urgent measures especially as human existence is increas-
ingly confronted with more health challenges such as the Covid-19 pandemic.

The trend in e-waste generation has emerged a serious health and sustainability 
issue globally [37, 38]. For over two decades, there has been a continuous engage-
ments of several global and regional organizations including the various agencies 
of the United Nations, African Union, European Union, national agencies for 
environmental protection, and non-governmental agencies. These efforts have been 
directed towards developing strategic interventions that would enable humanity 
deal with the peculiar and lasting challenges occasioned by e-waste. Some of the 
notable engagements include:

a. The Libreville Declaration on Health and Environment in Africa: this was held 
in 2008. It was the premier Inter-Ministerial Conference (IMC) to consolidate 
the pledges and declarations on environment, health, and safety [38];

b. The Busan Pledge for Action on Children’s Environmental Health [37, 39]. This was 
an offshoot from the third conference on Children’s health and the Environment by 
the World Health Organization (WHO) held in 2009 at Busan, Korea
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c. The UN Decade on Ecosystem Restoration which adopts a 9-point strategy to 
restore the degrading global natural ecosystem [40]

d. United Nations Framework convention on Climate Change [41]

Amid the calls from different quarters in respect of climate change and environ-
mental protection especially as it affects e-waste management it appears the ongo-
ing programs and initiatives have adopted a collective approach in the sense that 
electronic wastes is a term that is all encompassing. Accordingly, some distinctions 
are important as not all electronic wastes emanate from computing devices and 
not only computer devices contribute to pollution and environmental degradation. 
It therefore follows that a particularized approach which would x-ray all the vital 
areas of computing deployments and applications taking into consideration the 
entire computing device forms and lifecycle (production, acquisition, deployment, 
use, withdrawal, and destruction/recycling) and their contributions to sustainabil-
ity domains such as environmental protection, safety, and health. The destruction/
recycling phase is a critical point in the lifecycle of electronic products generally. It 
is also the most demanding phase. Direct destruction through burning and deposi-
tion into landfills create sustainability problems. The by-products of burning are 
pollutants and usually toxic to humans and in some cases plants. Though recycling 
e-waste is promising, however, with the present poor recycling facilities across 
Africa, weak policies and regulations, and lack of recycling programs [38], the con-
tinent is in dire need of green ICT reforms. The aim of this chapter is to showcase 
the relevance of green computing on fostering sustainability through the design and 
entrenchment of mechanisms and approaches including policies and legislations 
that would forestall the impending danger that might be occasioned on humanity 
by the continuous accumulation of computer-based wastes, and the deployment of 
energy-intensive computing facilities.

2.  Implications of computer-based wastes and energy-intensive 
computing

2.1 Computer-based wastes

Ordinarily, computer-based wastes are often in the solid form as opposed to liq-
uid and gaseous wastes from other sources (see Figure 1). Examples of such wastes 
include: Computers including PCs, high end server hardware, Telephones and smart 
phones, Network devices (routers, switches, gateways, radios, etc.), Chips, Base 
stations, Motherboards, Printers, Wireless devices, Fax and copiers, Cathode ray 
tubes and Monitors, and Transformers. However, due to the physicochemical com-
plexity of the components that constitute these electronic products, the tendency 
to generate liquid and gas emissions are very high. Typically, materials used to 
produce computing hardware contain several reactive elements such as lead, silicon, 
silver, mercury, platinum, copper, cobalt, palladium, aluminum, cadmium, lithium, 
selenium, etc. According to a report by the environmental protection agency of the 
United States [23], while comparing the amount of certain elements contained in 
the e-wastes and that mined from raw ores indicated that it is estimated that the 
amount of gold in a ton of electronic circuit boards is 40–800 times more than that 
from the ore, and that the quantity of copper in one ton is 30–40 times more than 
the quantity of mined copper from a metric ton of raw ore. With these reactive ele-
ments in electronic dumps, the underlying health implications of these components 
are brought to bear.
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It is interesting to note that computer-based wastes like other e-wastes contain toxic 
heavy metals such as mercury, lead, cadmium, beryllium, plastic (polyvinyl chloride), 
and hazardous chemicals (e.g. brominated flame retardants) that are harmful to the 
health of individuals in particular and the environment generally. It has been observed 
that most of these wastes are shipped to developing countries for use and possible 
recycling [21, 42, 43]. These wastes produce gaseous emissions that pose health risks 
to the individuals within and around such e-wastes are dumped or recycled [42]. 
Having recognized the dangers associated with such wastes, countries such Nigeria 
has made necessary legislative provisions to guard against such hazardous or harm-
ful wastes. Section 15 of the Harmful Wastes (Special Criminal Provisions etc.) Act, 
rightly provides that “harmful wastes depicts any injurious poisonous, toxic or noxious 
substance and, in particular, nuclear wastes emitting any radioactive substance … as to 
subject a person to the risk of death, fatal injury or incurable impairment of physical or 
mental health”. The effect of this provision is that any waste whether or not electronic 
that could cause some harm is a harmful waste. There is no gainsaying that wastes 
from computing equipment could be hazardous enough to pollute the air, water, and 
soil. The contamination of these three environmental layers is akin to humankind 
intentionally creating a hazardous ecosystem antithetical to sustainable development 
and growth. These hazardous e-wastes could route toxic chemicals through the soil, 
air, water thereby providing the channel for generalized environmental degradation 
and pollution that promotes health anomalies and imbalances such as infections, 
respiratory stress, allergic reactions, visual impairment, poisoning, hematological 
problems, etc. (See Table 1). It has been reported that these wastes have strong nexus 
with adverse birth outcomes, thyroid dysfunction, behavioral changes, lung failure, 
and adverse cellular changes [30], Kidney failure, cancer, etc. Table 1 shows some toxic 
metals and compounds from computer wastes and their health implications.

2.2 Energy-intensive computing (EC)

EC involves the deployment and utilization of energy-intensive computing equip-
ment especially to drive socioeconomic activities. Data centres globally fall within 
the ranks of energy-intensive computing. They are not only common in developed 
countries but are also at the cornerstone of industry in developing countries. The 
intensive use of data centres and high capacity computing hardware are popular 
from the telecommunications subsector to banking and finance, manufacturing and 
production, agricultural and food processing, mining and extraction, and educa-
tional institutions. EC infrastructure popular in mission critical applications such 
as in manufacturing, production, mining, telecommunications, and the financial 
services subsectors. EC is a creator of both computer wastes and pollution. Despite 

Figure 1. 
Computer-based e-wastes for sale in Ikeja Lagos Nigeria.
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the economic importance of EC infrastructure in driving industrialization, they are 
noted as potential causes of greenhouse emissions (GHG), pollution, and agents of 
climate change [15–19]. The gases contribute to warmer climate can affect the ecosys-
tems locally and globally [47]. For instance, extreme weather affects agricultural crop 
production and yield, livestock production, desertification, health challenges includ-
ing epidemics, ocean acidification, heavy precipitation, flooding, food supply and 
security challenges, new diseases, and energy supply problems [27, 48, 49].

3. Challenges confronting green computing

Green computing is confronted with many challenges. These are categorized 
into: Manufacturer-induced bottlenecks, Economic challenges, Policy, Consumer 
attitude, and Social exploitation.

Metal/
Compound

State Where used 
in computing 
hardware

Health implications Route

Cadmium
[44–46]

Solid. Its 
pyrolysis 
generates 
toxic fumes

Resistors, 
Nickel-cadmium 
batteries, 
Screens, lasers

Kidney, lung, bone damage, 
muscle pain, chills, fever, 
nausea, vomiting, decreased 
memory and cognition 
abilities, impaired neuro-
motor skills

Inhalation, 
Ingestion

Lead [30, 37] Solid.
Lead oxide is 
formed when 
burnt/heated

CRT monitors, 
printed boards, 
polyvinyl 
chloride 
formulations

The mucous membranes 
within the lungs, skin, 
abdomen, easily absorb lead 
into the blood which may 
predispose the individual to 
lead poisoning, high blood 
pressure, liver and kidney 
damage, reduced nervous 
development and permanent 
nervous damage in children

Inhalation, 
ingestion

Mercury Liquid/
Gaseous

Fluorescent tubes 
and flat screen 
monitors.

Whether alone or in 
methylated forms, this 
substance is harmful to 
the digestive, nervous and 
immune systems respectively.
The lungs, kidneys and other 
internal organs are affected.
Mercury salts are corrosive 
to the eyes, skin and the 
gastrointestinal tract

Inhalation
Ingestion

Beryllium 
oxide

Solid/Liquid Thermal grease 
for heat-sinks; 
Processor, power 
transistors, 
vacuum tubes.

Causes irritation skin, throat, 
nose, and lungs.

Inhalation
Contact

Barium Solid/Liquid CRT monitors Poisoning Inhalation
Ingestion, 
contact

Zinc [30] Solid CRTs, Metal 
coatings

Poisoning, vomiting, nausea, 
diarrhea, cramps

Inhalation, 
ingestion

Table 1. 
Some health implications of computer/ICT wastes.
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3.1 Manufacturer-induced bottlenecks

The manufacturer-induced bottlenecks are a major barrier to the adoption, imple-
mentation and enforcement of green computing practices and policies. The equipment 
manufacturer is a major player in the distribution and supply business chain. In the 
local parlance, the equipment manufacturer is tainted as having ‘the fork and the knife’ 
in the sense that the equipment manufacturer is technically the addition to influencing 
the life span of computing equipment, the manufacturers are in principle aware of 
how long a device would be supported or maintained. Generally, these manufacturers 
play a major role in determining when a device becomes obsolete. These they may do 
by intentionally modifying the design, embedded software, or even withdrawing their 
support for specific models of the device. They often project the benefits of the newly 
produced variant of the device in terms of cost and functionalities while at the same 
time hyping the costs of maintenance of the older models. Experience has shown that 
many of such claims do not reflect the reality rather the manufacturer’s desire to maxi-
mize profits at the expense of the consumer and the environment. Another area of 
concern is the use of materials that are not ecofriendly in the synthesis and production 
of electronic goods. If green manufacturing is strictly adhered to, green computing 
challenges would be significantly reduced [50–53]. In the same vein, the power con-
sumption requirements by devices may depend on the manufacturer’s specifications 
and readiness to use ecofriendly and sustainable materials [52]. It therefore follows that 
manufacturers can drastically reduce power demands by carefully selecting and using 
materials that require less energy to operate. However, [52] note that manufacturers 
face challenges of incurring high cost and low returns in their bid to switch to greener 
technologies, green production and manufacturing processes, compared to the tradi-
tional methods. Their study also revealed that these companies encounter difficulties 
in generating the required energy by greener and/or renewable methods.

3.2 Economic challenges

Inequities in the distribution of resources is a major factor in the battle against 
electronic dumping and green technologies. As has been adumbrated by researchers, 
developing countries are grossly disadvantaged in the management of e-wastes. This 
may be connected to the poor economies, political will and leadership failure [54]. 
The developed countries often exploit these gaps while dealing with the developing 
nations. Due to indebtedness to the developed nations, many developing nations lack 
the willpower to reject such exploitation. As survival is the ultimate desire of every 
individual, small and medium scale businesses involving in buying and selling of 
second-grade electronic products is common. It is also not uncommon to see large busi-
nesses who are involved in the importation of these second-hand computing equip-
ment and by extension e-waste. For instance, Alaba market located in the Ojo area of 
Lagos Nigeria is popularly known in the sub-Saharan Africa for its exploits in deals 
involving second-hand computing equipment from Europe and America. The same is 
true for the popular computer village in Lagos and Agbogbloshie in Accra Ghana [55]. 
In Lagos, these small and medium Majority of these thousands of businesses involving 
the importation of and trade in fairly used computing products reflect the inequities 
occasioned on the masses by the leadership and economic maladies. It is important to 
stress that despite the ban on the importation of some of those goods in developing 
countries such as Nigeria, such goods are either smuggled or concealed in other cargoes 
during shipping and inspection of those cargoes at the destination port is often fraught 
with a lot of irregularities including corruption currently owing to human intervention 
which has remained a major problem in the inspection and clearance processes at the 
ports [56–58]. With the rising spate of unemployment and no remedy in sight, it is 
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believed that trade in contraband goods would always thrive despite the policies and 
regulations in place. There, the inflow of e-waste is very much likely going to abate 
in continental Africa till the various governments implement functional policies and 
machineries to reduce economic hardship and unemployment.

3.3 Policy challenges

Like developing countries, majority of developing countries have policies, 
legislation, guidelines, etc. associated with environmental protection [6]. Often, the 
problem in developing countries may not be the legislation or policy per se but the 
machinery to realize the provisions contained by the policy. Where these machiner-
ies are not properly harnessed gaps would continue to widen [6]. Several pitfalls 
connected to the operations of these machineries have been noted ranging from 
poor and crude infrastructure, incoherent initiatives of government operatives, poor 
maintenance culture, corruption, nepotism, social stratification with the emergence 
of the ‘untouchables’ that include individuals and organizations which are covertly 
above the law, poor enforcement, to negligence and abdication of responsibilities on 
the part of the personnel manning the public agencies. Two major problems con-
fronting majority of policies including legislations and guidelines for driving GC ide-
als are noncompliance and weak enforcement [6, 59, 60]. Noncompliance and weak 
enforcement had linked to sociopolitical and economic problems [47, 61, 62].

3.4 Consumer attitude

Consumer attitude is a major factor in the supply and demand chain. In develop-
ing countries, the demand trend especially for electronic products such as smart-
phones and other mobile computing devices does not often reflect the true status 
of the economies. Consumers regardless of their social statuses often desire to have 
sophisticated devices. It is common to see a student in a secondary school with two or 
more smart phones. In recent times ownership of such devices has become a denomi-
nator for social class differentiation and imposition among people. Consequently the 
drive to upgrade to latest technologies is a common behavioral disposition among 
the young and the old. There is need for a public re-orientation if this problem is to 
be nipped in the bud otherwise it would continue to promote energy overload and 
environmental menace as more devices are discarded on a daily basis.

3.5 Social exploitation

Social exploitation involves taking advantage of the lapses in the policies, rules, 
guidelines, and legislations as well as customer’s ignorance and demand, by manu-
facturers and importers of computing devices. For instance, in societies where there 
are no clear laws applicable to enforcement of green computing ideals, importers 
and manufacturers are bound to exploit this gaps in shipping all manner of prod-
ucts without recourse to anything.

4. Solutions to green computing challenges

Going forward, the following points are stated as steps towards resolving the 
challenges confronting green computing globally.

a. International and National Policies on Green Computing including trans-border 
movement restrictions and enforcement which would necessitate mutual 
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understanding between countries within a region. Adoption of regional taskforces 
to police the movement of computer-based products regardless of their condition. 
Review of trans-border customs guidelines and entrenchment of stricter inspec-
tion at border posts, airports, and sea ports. Initiating a global ban on the export 
and import of second-hand computing devices would be an ultimate global policy 
to control the menace of electronic waste movements generally.

b. Strict regulation on manufacturers: Computing device manufacturers are 
the biggest player in the fight against dumping. Policies on the use of eco-
friendly and biodegradable materials in the manufacturing process cannot be 
overemphasized.

c. Creation of vibrant machinery for consumer awareness programs, consumer 
protection and enforcement of consumer rights including the right to repair, 
disassemble and replace parts of malfunctioned equipment. This would relieve 
the manufacturers the pressure of providing support for its equipment over a 
long period.

d. Establishment of global grants for the development of electronic recycling 
industry subsector. E-waste disposal is somewhat a difficult enterprise. 
Recycling is plausible means of generating economically viable products from 
the wastes, reducing environmental pollution and promoting healthy envi-
ronment. However, in the last decade, informal recycling is predominant in 
developing countries.

e. Continued advocacy for the adoption of green production and manufacturing 
practices i.e. the use of environmentally friendly and sustainable materials

f. Design and Standards advocacy: Green computing should be developed as a 
standalone international standard and maintained by the international organi-
zation for standardization (ISO) just like other plethora of standards it defines 
and sustains. Once internationalized, governments can domesticate and adopt 
them into their mainstream economic policies, guidelines, and regulations.

g. Promotion of circular economy [63, 64]. A circular economy has the potentials 
of mitigating against the challenges posed by dumping and poor manufactur-
ing practices. Entrenching a circular economy implies that there would be no 
waste in the lifecycle of the computing equipment. In other words, appropriate 
machineries and policies are put in place to ensure compliance across board. 
Every product produced by a manufacturer would be recyclable once it reaches 
its end of life or ungracefully discarded. The producers and other recycling 
facilities are readily accessible to consumers. Thus collection, dismantling, 
refurbishing, re-use, and recycling of e-waste are formally implemented in the 
producer-consumer experience cycle.

h. Adoption of technology-driven architecture that would employ a resource 
planning system to support collective and collaborative management of risks 
associated with computer wastes and the adoption of multi-platform waste 
management systems including bioremediation, biomining, etc. [65, 66]. 
The proposed architecture would extend any existing practices through the 
deployment of intelligent computerized approaches that includes risk and 
hazard profiling of various industry subsectors, industry operators, location of 
operation, environmental impact etc.
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5. SD and GC in the post-covid era

SD is connected to GC and greener ICT. The post-covid period is an era of uncer-
tainties especially in public health and safety ecosystem [67, 68]. This calls for a review 
of and the strengthening of the existing measures, policies, legislations, guidelines and 
controls on SD. As noted by [68], in the post-covid era, environmental degradation and 
climate change have higher tendency of causing more terrifying ecological catastrophes. 
According to [69] social inclusion, environmental sustainability and economic growth 
are the major objectives of SD. GC is a major driver of SD because its ideals, practices, 
and principles focus on a cleaner, safer, and sustainable environment that promote the 
total wellbeing of all members in the natural ecosystem. Table 2 summarizes the rela-
tionship between green computing and SD. The 17 SD goals are presented I sequence 
with the projected contribution of green computing practices stated against each goal.

S/N SD goal Contributions of GC practices

1 No poverty GC would ensure cleaner environment in the workplace which would guarantee 
the productivity, health, and safety of the average worker.

2 Zero hunger GC would reduce soil pollution and contamination thereby promoting better 
crop yields and food security

3 Good health 
and Well-being

Green houses gases from computing devices and e-waste threaten the health 
and wellbeing of humans. If such threats are eliminated, there would be 
improvement in the social wellbeing of the people.

4 Quality 
education

Learning, research, and teaching are all affected positively by a clean and safe 
environment. Education under such circumstances produces knowledgeable 
experts who would contribute to national and global development

5 Gender 
equality

GC would eliminate water, air and soil contamination as well as good health. 
With cleaner environment and water women and girls would be relieved of 
the roles they play in homes such as searching for water and cleaning of the 
environment

6 Clean water 
and sanitation

Proper disposal of e-wastes and control of carbon load from large computing 
environments would prevent leaches that pollute underground water

7 Affordable and 
clean energy

GC advocates renewable and clean energy for computing equipment and allied 
devices

8 Decent work 
and economic 
growth

Safer and cleaner work environment motivate workers and this would boost 
productivity and by extension economic growth.

9 Industry, 
innovation and 
infrastructure

GC is an innovative ideology that promotes pollution-free industrial 
environment and harmony. It advocates for the development of sustainable 
devices and infrastructure

10 Reducing 
inequality

Pollution governance and actions can ensure that no group or community bears 
a disproportionate share of the harmful effects of pollution.

11 Sustainable 
cities and 
communities

Safe, clean and non-toxic environment promote sustainable production and 
economic activities in local and urban areas

12 Responsible 
consumption 
and production

GC drives sustainable consumption and manufacturing activities by 
encouraging the adoption of greener manufacturing and production processes 
by manufacturers which would reduce the incessant demand of newer devices 
by consumers owing to the fall in the utility value of existing devices

13 Climate action GC promotes use of renewable energy devoid of high carbon loads; and the 
clean disposal of computer-based wastes which could pollute the environment 
thereby adding to the climate change burden

14 Life below 
water

Toxic wastes from electronic dumps contaminate underground waters 
leading to the death of essential aquatic organisms. GC advocates for proper 
e-waste disposal
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6. Conclusions

This chapter examines the green computing domain and articulates the implica-
tions of advances in the development and deployment of computing and ICT infra-
structure globally laying emphasis on the growing spate of electronic dumping in the 
sub-Saharan Africa where countries like Nigeria and Ghana are greatly affected. It 
identifies some of the health and environmental problems which GC is intended to 
eliminate or reduce. Though it makes case for the adoption of the green computing 
ideals to ensure the realization of SDGs [69] in the post-covid era, however, it con-
templates various barriers and challenges to the adoption of green computing ideals 
and proffers various feasible solutions that could help eliminate these challenges. In 
conclusion, it is established that GC is a viable machinery for sustainable develop-
ment through a one-to-one mapping of SD goals to the goals of green computing.
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S/N SD goal Contributions of GC practices

15 Life on land One of the main goals of GC is safe, healthy and clean environment at all times

16 Peace, justice 
and strong 
institutions

Enforcement of GC policies and regulations without prejudice would promote 
peace and safety across all socioeconomic spheres thereby attracting confidence 
and trust for public institutions

17 Partnerships 
for the goals

GC ideal and policies should operate at national, regional and international 
levels. Such collaborations would engender unity of purpose and maximum 
impact as to the control of electronic dumping as well as the enforcement 
of greener production practices. The result would affect all spheres of the 
ecosystem

Table 2. 
How GC practices promotes SD goals.
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Chapter 7

The Environmental Influence of
Tax Regimes in Selected European
Union Economies
Fortune Ganda and Rufaro Garidzirai

Abstract

Eurostat and the European Environmental Agency have in 2019 reported there is
still need to continue implementing zero-carbon practices in European Union (EU)
Countries although there has been a noted decrease of 22% in emissions when
compared to their 1990 levels. This paper employed a system-Generalised Method
of Moments (GMM) framework to evaluate the environmental impacts of tax
systems in selected 28 EU economies from 2010 to 2017. The results of the study
proved that aggregate environmental tax is not effectively lowering greenhouse gas
emissions as expected, although it improves environmental sustainability. Possibly
the environment tax revenue collected in the European Union countries was not
used to enhance energy efficiency; hence it could not lower greenhouse gas emis-
sions. The other findings demonstrate that when environmental tax is disaggregated
(energy tax and transport tax) these instruments have been more efficient in less-
ening emissions and also improves environmental sustainability (in the case of
transport tax). The paper, therefore, highlights the importance of adopting
green tax instruments which are more focused and harmonising directly with
environmental goals for EU economies.

Keywords: greenhouse gas emissions, environmental sustainability, energy tax,
transport tax, environmental tax, eco-innovation rating, production scores,
green research and development, government expenditure, economic growth

1. Introduction

Conversations on emission and its effects on the economy and environment are
increasing especially in developed countries. Among the key issues surrounding
discussions on emission is the impact of taxation on carbon emission and environ-
mental sustainability. There is unanimity among researchers on the effect of
emissions on the environment. That is to say, emissions cause environmental
degradation, diseases, reduces household welfare and are detrimental to economic
growth and development [1–3]. In this light, it is evident that climate change has
become a global problem [4]. This global problem has awakened the need for
governments worldwide to invent techniques to minimise environmental issues and
emissions. Some of the methods include subsidies, ecological laws, taxes, environ-
mental policies and awareness programs [5]. Of particular importance are taxes
which are an integral instrument in dealing with emission [6]. The significance of
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taxation on emission and environmental degradation has captured the attention of
researchers and policymakers in developing policies and recommendations on
minimising emission.

There is a noticeable increase in taxation on emissions and environmental sus-
tainability in the European Union (EU). Taxation takes the form of energy tax,
environment and transports tax especially, in Slovenia, Poland, France, Portugal,
Finland, Latvia, Ireland and Denmark [7]. The main purpose of these taxes is to
minimise emissions up to an acceptable level of 5 percent [8]. Furthermore, the
government introduced environmental and emission taxes to reduce negative
externalities caused by third parties in production and consumption since nobody
takes responsibility for creating them [9]. The negative externalities include pollu-
tion, land degradation and the greenhouse effect that tends to cause diseases, low
standards of living, low quality of products, reduction in income and energy con-
sumption [10]. Since firms do not take any responsibility, the EU has taken the
responsibility of reducing emissions to an acceptable standard [11]. Thus, fiscal
authorities have imposed a certain amount of $50–100 per ton on production for
any environmental misuse and emission [11]. Tax experts argue that the $50–100
per ton tax that is not shown in the final price of goods and services covers the social
costs suffered by the third party [2]. Furthermore, environmental and emission
taxes increase government revenue and contribute to economic growth signifi-
cantly. A survey conducted by Sterner and Kohlin [12] found that environmental
and emission tax contributes 8 percent of the government revenue and 3 percent of
economic growth in the European Union region.

The introduction of environment and emission taxes has sparked heated debates
among scholars. The main crust of these debates is whether taxation is an effective
way of reducing environmental emissions. Noteworthy is the complementary
school of thought which contends that tax on environmental emission addresses
market failures to an acceptable standard and reduces health diseases [3, 8]. This
means that taxation on emissions brings about efficiency and effectiveness in the
production of goods and services since firms get to develop new regulations that
foster efficiency and reduce the cost of production. Also, environmental tax
improves the quality of the products produced in production processes [13]. On the
other, the substitutive school of thought argues that taxes on emission are inclined
to fiscal policies rather than environmental policies [14]. The substitutive school of
thought recognises that environmental and emission taxes focus more on raising
government revenue than reducing emissions as such taxes tend to be regressive as
prices of goods and services change [15]. In this sense, the substitutive school of
thought concludes that taxation does more harm than good because it causes a
greater degree of the loss of welfare as compared to emission. Therefore, this
study envisaged contributing to the current debate on tax on emissions and
environmental sustainability.

Central to the problem is that environmental pressures are a global phenome-
non. The European Union is not exempted from this problem. Environmental
pressures have become an issue of concern as the emission threat has increased over
the past years. Another factor that has become a cause for concern is the forecast by
economists that emissions are likely to increase to 35 percent, and this poses a threat
to environmental sustainability [16]. Of importance is that these environmental
pressures pose a risk to people’s health, welfare, and economy. Astuti and Maryono
[17] note that emissions cause health diseases such as eye irritation, asthma, and
pneumonia. Emissions and environmental pressures do not only undermine the
environment and health faculties but affect the economic operations of a country as
well. There is no doubt that these challenges should be addressed. The economic
theory prescribes many methods of solving these challenges. Such methods include
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environmental tax, fuel tax, awareness programs, subsidies to mention but a few.
Relevant to this study is environment taxation and tax emission, which are the main
focus of this study. Hence, this study investigated the influence of emission on
selected EU countries.

The purpose of the study is to contribute to the existing literature on environ-
mental accounting significantly. Most of the studies have focused on the effects of
tax on carbon emission [2, 6, 18, 19]. However; this study takes a different stance by
examining the environmental influence of tax structures in selected EU economies
by taking into account both short-run and long-run dynamics. The study focused on
other variables that are immensely important to environmental issues and yet are
barely used by other researchers. These variables include research and develop-
ment, production scores, eco-innovation ratings and the different types of tax such
as energy, transport, and environmental tax. The authors of this study conducted a
thorough search of the relevant literature. They found no study that combined all
the variables in one study to investigate the environmental influence of tax struc-
tures in selected EU economies. Hence, the current paper covers this research gap to
find robust results that are important to policymakers. Furthermore, the results and
the nature of the research provide a niche for future researchers focusing on few
limitations of the study. The study also contributes to the body of existing knowl-
edge on natural environmental studies.

Therefore, this paper is organised as follows. The literature review is summarised
in the next section. The methodology and variables used in the study are discussed
in Section 3. This also includes the source of the data and prior expectations. The
empirical results and analysis are discussed in Section 4, while Section 5 consists of
the summary, conclusion, recommendations, and limitations of the study.

1.1 Environmental tax in the European Union

The introduction of environment tax in the European Union can be traced back
to 1990 [20]. Since then, it has received attention from various governments
intending to minimise environmental degradation. The idea was to charge polluters
a certain fee per unit of the damage they have caused to third parties. In line with
this objective, the European Union introduced four types of environment tax,
namely energy, transport, pollution and resources tax [12]. For the purposes of this
study, researchers focused on energy tax and transport tax as they are widely used
in the European Union. Eurostat [21] defined energy tax as a certain amount paid by
the energy sector for causing negative externalities. Energy tax target polluters who
make use of petrol, diesel, biofuels, electricity consumption and carbon fuels [21].
The energy tax is mainly used in Italy, Germany, Netherlands, France, Sweden and
Finland as they use heavy power plants and consumes much electricity compared to
other countries [22]. This also implies that these countries receive more tax revenue
from electricity tax while Sweden and Denmark get more revenue from fuel tax.
Second is the transport tax, which is an amount paid for making use of vehicles and
vehicle ownership [23]. It includes the importation of motor vehicles, flight tickets,
toll gates, car registrations and insurances [21]. This form of tax was introduced to
raise revenue and minimise greenhouse gas emissions. The European Commission
[24] reports that 25 percent of greenhouse gas emissions are caused by the transport
sector of which road transport contributes 75 percent to these transport emissions
followed by civil aviation and navigation respectively. This type of emission is
common in Norway, Netherlands, Finland, Greece, Spain and Denmark.

Noteworthy is that energy tax is widely used in the region to reduce greenhouse
gas emission. There has been an increase in the use of tax that leads to an increase in
the energy tax revenue since 2000–2018. The increase in revenue has also led to the
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rise in the Gross Domestic Product. The contribution of environmental tax to GDP
was experienced a decade later after the introduction of the environment tax in
1990. Notably is the 5 percent contribution from 2013 to 2019. Despite the use of
environmental tax, the Eurostat [21] found contrasting results in the European
Union. On one hand, it is a significant increase in greenhouse emission in countries
such as Germany, France and Italy. On the other hand, it is a significant decrease in
greenhouse emission in countries such as Lithuania, Latvia and Romania [25]. From
the discussions, the environment tax influences greenhouse gas emission differently
in the European Union individual countries depending on the environment policies
used by each country towards eradicating the environment hazards. The question
still remains: Does environmental tax reduces greenhouse emission and improves
environmental sustainability since its implementation is influenced by price
elasticity of energy and transport demand?

2. Literature review

This section is divided into two parts. The first part examines how tax and other
variables influence carbon emissions in selected economies. The second part evalu-
ates how tax frameworks affect environmental sustainability in countries studied.

2.1 Empirical literature on carbon emission

The influence of emission tax cannot be separated from past studies on taxation,
economy and environmental economics. For instance, a survey carried out by Miller
and Vella [19] investigated whether taxes are effective in dealing with pollution.
The study examined if taxes on emission help to produce quality products. The
study targeted 50 countries across all the regions and used panelised dynamic
regression models. The results of the study revealed that taxes reduce carbon emis-
sion in all the countries. Also, the study showed that the quality of products is
improved if the polluters are taxed. Similarly, Metcalf [6] achieved the same results
that carbon tax reduces carbon emissions in Britain, Columbia and the United States
of America. Metcalf [6] further observed that taxation on emission improves
employment and economic growth. Worthy of note is that the preceding studies
present a negative relationship between carbon tax and carbon emission. Thus,
taxation on emission is the most effective way of reducing emissions to an accept-
able level. The studies concur that taxes reduce environmental pollution despite
their difference in geographical location.

In South Africa, carbon tax also has an inverse relationship with emission. This
result was concluded by [2] who examined the effects of carbon tax on the econ-
omy. The study employed the dynamic Computable General Equilibrium modeling
methodology and found an inverse relationship between carbon tax and emission.
The study further showed that carbon tax is negatively related to economic growth.
Thus, the more firms pay carbon tax the fewer goods and services they produce,
thereby compromising economic growth. Klier and Linn [26] concur with these
results as they reach the same conclusion after using the panel regression analysis in
Sweden, France, and Germany. The authors’ objective was to investigate the rela-
tionship between vehicle carbon taxation and carbon vehicle emission. This rela-
tionship was prevalent in France compared to other countries. Since firms were
taxed for emission, a decrease in emissions from vehicles was experienced in all the
countries. The common denominator between these two studies is that taxation has
a negative effect on economic growth despite the use of different methodologies
and geographical locations. A salient point to note on the carbon tax is that it
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discourages firms to be innovative and this leads to a decrease in investment and
eventually a decrease in economic growth.

Lin and Li [18] using a panel regression analysis, examined the impact of carbon
tax on carbon emission in selected European countries. The authors found three sets
of results: a negative relationship between carbon tax and emission in Finland; a
positive relationship between carbon tax and emission in Norway and no relation-
ship was identified in Netherlands, Denmark, and Sweden. Since Norway is one of
the heavy carbon polluters in Europe, taxing the firms reduced emission. The same
result was achieved by Di Cosmo and Hyland [27] who concluded that carbon tax is
an effective way of reducing emissions in Norway. On the other hand, in the
Netherlands, Denmark and Sweden carbon tax did not influence carbon emission.
This result is contrary to the findings of Lin and Li [18] who found an inverse
relationship between carbon tax and emissions. The authors further propounded
that fiscal authorities should increase tax on emitters for carbon tax to be effective.
Moreover, an interesting result is the positive relationship between carbon tax and
carbon emission found in Norway. This result is not common in the Organization
for Economic Co-operation and Development (OECD) since all the governments
joined hands to reduce emissions through the Piogiouvot method.

Anderson [28] inquired whether a carbon tax is the solution to greenhouse
emissions. The author used 11 European Union countries as his case study. To
achieve the aim of the study, the author employed a quasi-experiment and found
that tax curtailed emissions by 11 percent. The study confirmed the economic
theory that prescribes that carbon tax deals with negative externalities whilst also
reducing emissions. A similar result was found in Norway by Bruvoll and Larsen
[29]. The authors employed simulations and a diverse index from 1990 to 1999 and
the study revealed an emission reduction of 2.3 percent. Revoredo-Giha et al. [30]
examined the impact of carbon taxes on greenhouse emissions in the United King-
dom. The study showed that carbon tax reduces greenhouse emissions. Gonzalez
[31] and Haites [32] concur with the above-mentioned studies by reiterating that
carbon tax is the best instrument to reduce greenhouse emissions and the most
effective approach in reducing emissions.

Concerning the relationship between economic growth and emission, Ameyaw
and Yao [33] analysed the impact of economic growth on carbon emission in West
African countries from 2007 to 2014 using panel regression. The results show an
unidirectional cause from GDP to carbon emission. Thus, an economy that taxes
emissions is likely to improve economic growth. The same result was also achieved
by Asongu et al. [34] who investigated carbon emissions and economic growth and
found a relationship running from economic growth to carbon emission to energy
consumption. An interesting result was found by [35] who examined the effects of
economic growth on emission in developing countries. The study used panel analy-
sis and found a negative relationship between economic growth and emissions while
[36] found no link. The study examined the link between energy consumption,
emissions and economic growth in the Middle East and North Africa (MENA). The
rationale behind this finding is that taxation discourages firms to produce more
goods and services due to increased cost of production.

Other authors emphasised the fact that carbon tax on emission is regressive in
nature and leads to loss of welfare [14, 15]. For instance, Devarajan et al. [15] found
that taxes on carbon emission reduce household welfare by 40 percent, whilst also
reducing carbon emission by 15 percent. In other words, carbon tax works better in
reducing household welfare than in minimising emission, its main objective. The
study further found that carbon tax is regressive as poor households spend more
than 50 percent of their salaries on taxed goods and services. This result was also
found by [14]. Marx and Slamang [37] and Sterner [38] examined the relationship
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between energy and carbon tax on emissions in European Union countries. The
study concluded that transport taxes, energy and carbon taxes are regressive.

2.2 Empirical literature on environmental sustainability

Liobikiene et al. [39] investigated the role of energy taxes on climate change in
the European Union. The main focus was to check if environmental tax influences
environmental sustainability. The authors applied panel data methods and found
that environmental tax influences environmental sustainability in a positive way.
The same results were found by Nerudova et al. [40] who examined the tax system
and environmental sustainability in the European Union and found a positive rela-
tionship between the two. Park and Yoon [41] studied the link between environ-
ment tax and sustainable development in China, Japan and Korea using a survey.
The study revealed a positive relationship between the two in all these countries. It
seems the above-mentioned studies point to a positive relationship between taxa-
tion and environmental sustainability. Thus, taxation on environmental pollution
improves environmental sustainability. A study by Radulescu et al. [42] in Romania
employed the Ordinary Least Square and Vector Error Correction Model. The
authors found a negative relationship between environmental sustainability and
environmental tax. The authors argued that fiscal authorities should use other
methods other than taxation to achieve environmental sustainability.

Streimikiene et al. [43] added economic growth as a variable that was not
examined by [39, 42] by investigating the role of green tax on sustainable energy
development in Baltic countries. The study found a positive relationship between
environmental tax, economic growth and environmental sustainability. The authors
propounded that taxation ensures environmental sustainability that has a direct
influence on economic growth. Kurniawan and Managi [44] and Moisesca [45]
arrived at the same conclusion by examining the relationship between economic
growth and sustainable development in Indonesia from 1990 to 2014. The study
used the inclusive wealth framework and found that economic growth influences
environmental sustainability in a positive way. From all the studies that examined
the link between economic growth and environmental sustainability, a positive
relationship was achieved therein.

Urbaniec [46] conducted a study on eco-innovation and environmental sustain-
ability. The main objective was to assess the role played by eco-innovation on
environmental sustainability. The study concluded that eco-innovation minimises
environmental damage. Similar results were also concluded by [47] who carried out
a study on the role of eco-innovation and environmental sustainability in Malaysia.
The findings of both studies point to the fact that an increase in environmental
compliance improves the environment. Another common denominator is that both
studies used the same methodology: the theoretical structural model and found
similar results. The eco-innovation is also positively linked to Research and Devel-
opment, thus Powe [48] found that research and development have a positive
impact on environmental sustainability. The authors argued that Research and
Development yields results in big sectors, while in small sectors a link was not
found. The same results were also found by [49] who examined the green economy
and sustainable development worldwide from 2002 to 2010. The study found that
research and development have a positive impact on environmental sustainability.
However, Sauvé et al. [50] found a negative relationship between Research and
Development and environmental sustainability. The authors arrived at this
conclusion after employing an ordinary least square first difference.

Kim and Yoon [51] examined the relationship between environmental sustain-
ability and production in manufacturing firms. The objective of the study was to
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check the impact of production on environmental sustainability. The results reveal
that production has a positive influence on environmental sustainability. The same
results were also found by [52] who examined environmental sustainability and
production. The preceding results differ from those achieved in the study done by
[53] who examined the relationship between sustainable environment and produc-
tion using the trend and content analysis. The study found that production causes
environmental hazards. The author concluded that production in developing coun-
tries over utilises resources with the objective of combating poverty. On the other
hand, production in developed countries over utilises resources for export purposes.

Saud et al. [54] examined the link between energy use, government expenditure
and financial development in Venezuela from 1971 to 2013. The study employed an
autoregressive distributed lag (ARDL) model and found a positive link between
energy use and environmental degradation. The study further revealed a negative
relationship between land degradation and government expenditure. A study car-
ried out by Uwazi [55] and You and Haung [56] examined the link between green
growth and environmental sustainability in the OECD. The study looked at 30
provinces using panel data. The results show a positive relationship between gov-
ernment spending and green growth. A similar study was done by Oyebanji et al.
[57] who conducted a study on green growth and environmental sustainability in
Nigeria. The study considered energy depletion, forestry, carbon dioxide and
employed the ARDL model. The study found a negative relationship between car-
bon emission, environmental depletion, and greenhouse energy. On the other hand,
a positive relationship was found between green growth and deforestation.

From the empirical literature reviewed, there is no consensus on how taxes
influence emission. Certain authors support a positive relationship between the
variable, others see no link, while others support a negative relationship. Given such
a scenario, the study, therefore, contributes to the existing literature by examining
the influence of tax on emission.

3. Data and research methodology

This paper is based on associations among tax structures, environmental vari-
ables, income, production, transport, eco-innovation and green investments in a
panel of 28 economies over a period of 7 years, that is, 2010 to 2017. The 7-year
period was deemed sufficient due to data availability and sufficient cross-sections.
These variables were chosen as they have a potential impact of reducing or increas-
ing greenhouse gas emissions and environmental sustainability. The generalised
below equations form the basis of the hypothesis.

Log GHGit ¼ α1 þ α2Log GHGit�1 þ α3LogETTit þ α4LogGDPit þ α5LogPDNit
þ α6LogECOit þ α7LogECit þ α8LogGRDit þ α9LogGEit
þ εit … … … … … … (1)

Log ANSit ¼ α1 þ α2Log ANSit�1 þ α3LogETTit þ α4LogGDPit þ α5LogPDNit
þ α6LogECOit þ α7LogECit þ α8LogGRDit þ α9LogGEit
þ εit … … … … … … (2)

And more specifically,

Log GHGit ¼ α1 þ α2Log GHGit�1 þ α3LogENTit þ α4LogTRTit þ α5LogGDPit
þ α6LogPDNit þ α7LogECOit þ α8LogECit þ α9LogGRDit þ α10LogGEit
þ εit …

(3)
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And also,

Log ANSit ¼ α1 þ α2Log ANSit�1 þ α3LogENTit þ α4LogTRTit þ α5LogGDPit
þ α6LogPDNit þ α7LogECOit þ α8LogECit þ α9LogGRDit þ α10LogGEit
þ εit …

(4)

Where,
LogGHG shows greenhouse gas emissions. LogGHGit�1 is the lagged dependent

variable of greenhouse gas emissions. LogANS illustrates is an indicator of environ-
mental sustainability.LogANSit�1 is the lagged dependent variable of environmental
sustainability. LogECO indicates the Eco-innovation index with a point system eco-
innovation indicator. LogPDN indicates production scores. LogGRD illustrates green
research and development. LogGE demonstrates the government expenditure.
LogENT is Energy Tax. LogTRT is Transport Tax. LogEC is energy consumption.
LogGDP represents income and/or economic growth. LogETT is Environmental Tax.
In this regard, the table below outlines the variables employed in this study and
their sources.

An environmental tax is a certain amount that is imposed to environment pol-
luters [21]. For the purposes of this study, environment tax includes the energy tax
and transport tax and it is expected to reduce greenhouse gas emissions and increase
environment sustainability depending with the price elasticity demand of energy
and transport. The rationale is that environmental tax should create awareness to
switch to energy efficiency and turn to other clean alternative fuels. Energy tax is
the tax that is levied on the energy sector for polluting the environment [58].
Energy tax includes the consumption of petrol, diesel, petrol, diesel, biofuels, elec-
tricity consumption and carbon fuels [21]. Transport tax is a tax that pertains to the
use of all vehicles in the European Union [23]. The aforementioned taxes are
expected to reduce the green house emission at the same time promote environ-
mental sustainability. Energy consumption is the energy used in both industries and
at household level which is measured in tonnes of oil [59]. The study expects energy
consumption to increase greenhouse gas emissions and reduce environmental sus-
tainability.

Green Research and Development is defined as new innovations introduced to
minimise emissions and climate change in the European Union [60]. A positive
relationship between Green Research and Development and environment sustain-
ability is expected while an inverse relationship on greenhouse gas emission is
expected. The rationale is that new innovations provide better ways of energy use
that minimises climate change. Likewise, eco-innovation includes all ideas from
stakeholders to develop new products and processes that reduces environmental
degradation [61]. Eco-innovation reduces the greenhouse emissions and increases
the environmental sustainability.

Production is a scientific procedure of turning all the inputs into consumable
goods and services of a certain good and service [62]. Since production makes use of
energy, the variable is expected to positively contribute to greenhouse gas emission
and reduces the environmental sustainability in the European Union. Gross
Domestic Product entails the value of all goods and services produced in the Euro-
pean Union countries over a specified period [63]. The priori expectation is that
GDP increases greenhouse emission and decreases environment sustainability in the
short-run while betters environment sustainability in the long-run. Government
spending is the money spent by the government in acquiring public goods and
services [64]. Government expenditure is expected to increase greenhouse expen-
diture if less or no expenditure is done on reducing climate change. On the other
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hand, the greenhouse expenditure is likely to reduce if the government spent much
on improving climate change.

From Table 1, the logarithm of greenhouse gas along with logarithm of adjusted
net savings (excluding particulate emission damage) depicts the dependent vari-
ables. The remaining variables are all explanatory variables. All the variables were
extracted from the Eurostat database with the exception of the logarithm of
adjusted net savings (excluding particulate emission damage) which is the only
variable gathered from the World Development Indicators (World Bank) database.

3.1 Estimation technique

The paper deployed the panel dynamic Generalised Method of Moments (GMM)
as the main approach to address problems connected with, heteroskedasticity serial
correlation and heterogeneity [65]. The GMM captures several common estimators
that offers a valuable basis for comparison purposes [66]. It is considered as one of
the best methods since it not biased, consistent compared to Fixed effects, Pooled
Estimates and Ordinary Least Squares [67]. Furthermore, the model allows
researchers to make use of many independent variables without facing the
endogeneity problems. Thus, the model provides the robust coefficients through the
automatic correction of biasness. Several researchers such as Leve and Kapingura
[68], Meraya et al. [69] and Nayan et al. [70] have employed the GMM.

Variable Definition Unit Source

LogETT Logarithm of Environmental Tax Percentage of gross
domestic product (GDP)

Eurostat

LogENT Logarithm of Energy Tax Percentage of gross
domestic product (GDP)

Eurostat

LogTRT Logarithm of Transport Tax Percentage of gross
domestic product (GDP)

Eurostat

LogGHG Logarithm of Greenhouse gas
emissions

Greenhouse gas emissions
per capita

Eurostat

LogEC Logarithm of Energy consumption Thousand tonnes of oil
equivalent

Eurostat

LogGRD Logarithm of Green Research &
Development

Percentage of gross
domestic product (GDP)

Eurostat

LogGDP Logarithm of GDP Current prices, million
units of national currency

Eurostat

LogGE Logarithm of Government
Expenditure

Percentage of gross
domestic product (GDP)

Eurostat

LogECO Logarithm of Eco-innovation Index Yearly scores against the
EU = 100 averaged score.

Eurostat

LogPDN Logarithm of production Yearly scores based on
Index, 2015 = 100

Eurostat

LogANS Logarithm of adjusted net savings,
excluding particulate emission
damage

Current US$ World Development
Indicators (World
Bank)

Note: The Logarithm of Greenhouse gas emissions and Logarithm of adjusted net savings, excluding particulate
emission damage indicates the dependent variable. The remaining variables are all explanatory variables.

Table 1.
Showing detailed description of variables.

119

The Environmental Influence of Tax Regimes in Selected European Union Economies
DOI: http://dx.doi.org/10.5772/intechopen.94552



For the purposes of this study, it is apparent that Eq. (1) is comprised of country
time effects as well as country fixed effects which is inevitably generates the prob-
lem of unobserved country-specific heterogeneity. Thus, Arellano and Bond [71]
highlights that GMM is able to transform such particular equations through first
difference estimators. Research also shows that the GMM approach is largely suit-
able in surveys where the cross-section identifiers are greater in quantity (in this
study, N = 28) against small time periods (in this article,T = 7 years) [72]. Overall,
panel regression problems such as heterogeneity, heteroskedasticity along with
serial correlation can be significantly addressed by using a panel GMM technique
[73, 74].

4. Empirical analysis and results

This part of the survey outlines the findings of the study which includes the
descriptive statistics, panel unit root test and the GMM results. The following
section discusses the descriptive statistics.

4.1 Descriptive statistics

Table 2 illustrates a detailed view of the statistical characteristics of the variables
used in this study. It is apparent that the mean of the considered variables is located
between their own minimum and maximum values. As well, most of these factors
are negatively skewed (63.6%) but only 36.4% demonstrates positive skewness. In
this case, transport tax, energy consumption, green research and development,
government expenditure, eco-innovation index, production, and environmental
sustainability are negatively skewed. On the other hand, environmental tax, energy
tax, greenhouse gas emissions, and economic growth are positively skewed. The
positive values generated through kurtosis imply that all the variables have
leptokurtic attributes.

Variable Min. Max. Mean Std. Dev. Skewness Kurtosis Observation

LogETT 0.196 0.617 0.405 0.102 0.114 2.254 224

LogENT 0.033 0.521 0.286 0.103 0.246 2.575 224

LogTRT �1.301 0.190 �0.393 0.353 �0.670 2.867 224

LogGHG 0.699 1.423 0.959 0.143 0.637 3.319 224

LogEC 2.589 5.315 4.206 0.620 �0.323 2.902 224

LogGRD �0.420 0.572 0.128 0.256 �0.157 2.009 224

LogGDP 3.820 7.584 5.517 0.868 0.074 2.325 224

LogGE 1.420 1.814 1.654 0.066 �0.389 3.2358 224

LogECO 1.301 2.173 1.915 0.1728 �0.709 3.046 224

LogPDN 1.203 2.124 1.926 1.926 �4.948 25.678 224

LogANS 0 11.7289 8.969 3.535 �2.040 5.464 224

Source: Authors compilation.

Table 2.
Statistical summary of variables.
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4.2 Panel unit root test analysis

Table 3 shows that when the Augmented Dickey-Fuller test (ADF) tests; Levin,
Lin, and Chu (LLC) and the Im-Pesaran-Shin (IPS) were employed the time series
is not affected by the presence of unit roots. As such, through deploying a null
hypothesis that a specific time series is non-stationary all the variables demonstrates
that they are stationary at the first-order differenced series for all ADF, LLC and IPS
tests (at 1% significant level) employing the first-generation panel unit-roots.
Although variables such as transport tax, production, and environmental sustain-
ability were not confirmed using the IPS test the other two remaining tests argu-
ment in favor of the general findings of the paper.

Using logarithm of greenhouse gas emissions as the dependent variable and total
environmental tax as the main independent variable Table 4 outlines the results of
the research about the Pooled Ordinary Least Square (OLS) model, Fixed Effect
(FE) and Random Effect (RE) models widely regarded as the static models. The
details in Table 4 demonstrates that Hausman test produces a chi-square value of
270.32 which is also significant at 5% (p = 0.000 < 0.05). This shows that we will
reject the null hypothesis which illustrates that the RE model is suitable in favor of
the alternative hypothesis which explains that the FE model is suitable. The
dynamic nature of the FE model is further analysed using the two-step GMM
model.

At Level At 1st Difference

Variable ADF
statistic

LLC Statistic IPS
Statistic

ADF
statistic

LLC Statistic IPS Statistic

LogETT 1.963
(0.025)**

�7.686
(0.000)***

0.886
(0.8122)

9.339
(0.000)***

�13.951
(0.000)***

�3.378
(0.000)***

LogENT 2.467
(0.007)***

�8.548
(0.000)***

1.483
(0.931)

9.068
(0.000)***

�10.568
(0.000)***

�3.431
(0.000)***

LogTRT 2.861
(0.002)***

�8.234
(0.000)***

— 19.540
(0.000)***

�23.409
(0.000)***

—

LogGHG 8.940
(0.000)***

�8.525
(0.000)***

�1.817
(0.035)**

5.490
(0.000)***

�9.777
(0.000)***

�2.454
(0.007)***

LogEC 7.125
(0.000)***

�11.099
(0.000)***

�1.622
(0.052)*

9.722
(0.000)***

�19.600
(0.000)***

�2.532
(0.006)***

LogGRD 4.486
(0.000)***

�6.545
(0.000)***

�0.060
(0.476)

19.727
(0.000)***

�10.522
(0.000)***

�3.990
(0.000)***

LogGDP �1.634
(0.949)

9.158 (1.000) 10.826
(1.000)

2.395
(0.008)***

�16.523
(0.000)***

�0.606
(0.272)

LogGE 7.899
(0.000)***

�3.947
(0.000)***

1.734
(0.9586)

10.764
(0.000)***

�15.177
(0.000)***

�3.398
(0.000)***

LogECO 3.003
(0.001)***

�3.321
(0.004)***

�1.948
(0.026)**

23.576
(0.000)***

�13.886
(0.001)***

�4.826
(0.000)***

LogPDN �2.484
(0.994)

5.508
(1.0000)

— 10.630
(0.000)***

�9.284
(0.000)***

—

LogANS 9.972
(0.0000)***

�2.517
(0.006)***

— 18.614
(0.000)***

�20.013
(0.000)***

—

Notes: ***;**;* mean significant at 1%, 5%, 10% level of significance respectively. Numbers in brackets are p-values.

Table 3.
Showing the panel unit root test results.
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The results found in Table 4 are also generally congruent with outcomes found
in Table 5. For example, the Hausman test generates a chi-square estimate of 15.24
which is also significant at 5% (p = 0.0330 < 0.05) supports the FE model which
permits the study to use the two-step GMM analysis procedure.

The findings generated in Tables 4 and 5 are also generally confirmed with
results in Table 6 (although in this case energy tax and transport tax are the main
independent variables). For instance, the Hausman test shows a chi-square estimate
of 195.27 which is also significant at 5% (p = 0.000 < 0.05) favoring the FE model.
As such, the two-step GMM analytical process will be applied.

In Table 7, the Hausman test generates a chi-square estimate of 18.41 which is
also significant at 5% (p = 0.0184 < 0.05) thereby supporting the FE model.

Table 8 presents the outcomes acquired by running the two-step GMM analyt-
ical method within the short-run context with regards to total environmental tax
as the main independent variable. We begin first by evaluating greenhouse gas
emissions as the dependent variable. To begin, the lagged factor LogGHGit�1 of
greenhouse gas emissions indicates a positive and significant relationship with
greenhouse gas emissions. Hence, a 1% increase in lagged greenhouse gas emissions

Pooled Model Random Effect Model Fixed Effect Model

Coefficient Standard
Error

Coefficient Standard
Error

Coefficient Standard
Error

LogETT 0.018
(0.851)

0.093 �0.032
(0.599)

0.062 �0.094
(0.078)*

0.053

LogEC 0.028
(0.241)

0.024 0.417
(0.000)***

0.060 0.563
(0.000)***

0.086

LogGRD 0.298
(0.000)***

0.056 �0.028
0.442

0.037 �0.076
(0.017)**

0.032

LogGDP �0.065
(0.000)***

0.016 �0.336
(0.000)***

0.041 �0.707
(0.000)***

0.054

LogGE �0.367
(0.041)**

0.178 �0.046
0.489

0.066 �0.224
(0.000)***

0.060

LogECO �0.031
(0.667)

0.074 0.026
0.399

0.030 �0.025
(0.339)

0.026

LogPDN �0.062
(0.011)**

0.024 0.194
(0.001)***

0.060 0.678
(0.000)***

0.078

Constant 1.942
(0.0000)***

0.292 0.729
(0.005)***

0.260 1.654
(0.000)***

0.449

R2 0.239 0.012 0.003

Wald (χ2) 86.07

F statistic 9.70 34.14

Breusch-Pagan
test (χ2)

654.5
(0.000)***

Hausman test
(χ2)

270.3
(0.000)***

No. of
observations

224 224 224

Notes: ***; **; * mean significant at 1%, 5% and 10% significance level, respectively. Numbers in brackets are p-values.

Table 4.
Estimates of static panel data for total environmental tax: Case of Greenhouse Emissions.
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triggers a 0.218% increase in greenhouse gas emissions. This diagnosis implies that
when past greenhouse gas emissions in the EU economies rise then they will also
stimulate current emission levels. This is confirmed by continued increase in
emissions globally [60, 75] which require to be lowered.

Secondly, the total environmental tax shows a positive and highly significant
association with greenhouse gas emissions. In this context, a single rise in total
environmental tax leads to a 0.22 increase in greenhouse gas emissions. However,
this study finding conflicts with [76] who noticed significantly small and even
negative carbon leakage after unilateral environmental tax reforms were integrated
in Europe between the studied periods 1995 to 2005. Third, a 1% increase in energy
consumption also results in a significant 0.73% rise in emissions thereby agreeing
with [77] analysis on 116 countries over the period 1990 to 2014. Fourth, a percent-
age rise in green research and development in the short-run is also leading to a
0.36% increase in greenhouse gas emissions. However, this finding contradicts
Fernández, López and Blanco’s [78] survey on 15 European Union countries, the
United States and China between 1990 and 2013 and spotlights that green research
and development adds positively to a decline in emissions in developed countries.

Pooled Model Random Effect Model Fixed Effect Model

Coefficient Standard
Error

Coefficient Standard
Error

Coefficient Standard
Error

LogETT 3.719
(0.076)*

2.088
(0.230)

3.199 2.666 1.963
(0.516)

3.017

LogEC 1.889
(0.000)***

0.531
(0.385)

1.230 1.414 �11.462
(0.021)**

4.917

LogGRD 4.266
(0.001)***

1.240
(0.881)

�0.227 1.517 �3.132
(0.087)*

1.818

LogGDP 0.893
(0.013)**

0.357
(0.127)

1.478 0.968 �1.589
(0.606)

3.077

LogGE �13.285
(0.001)***

3.977
(0.018)**

�6.706 2.824 �6.407
(0.061)***

3.401

LogECO 0.200
(0.899)

1.653
(0.072)*

2.400 1.330 0.981
(0.507)

1.477

LogPDN �0.582
(0.278)

0.535
(0.948)

0.091 1.398 10.747
(0.016)**

4.403

Constant 16.742
(0.011)**

6.513
(0.942)

0.710 7.025 53.571
(0.038)**

25.632

R2 0.382 0.324 0.301

Wald (χ2) 26.43

F statistic 19.07 3.69

Breusch-Pagan
test (χ2)

489.70
(0.000)***

Hausman test (χ2) 15.24
(0.033)**

No. of
observations

224 224 224

Notes: ***; **; * mean significant at 1%, 5% and 10% significance level, respectively. Numbers in brackets are p-values.

Table 5.
Estimates of static panel data for total environmental tax: Case of Environmental Sustainability.
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However, other remaining variables indicates negative and significant links to
greenhouse gas emissions. For example, a percentage increase in economic growth
leads to a 0.40% significant decrease in emissions. Nonetheless, this study outcomes
disagrees with Salahuddin et al. [79] research on Kuwait for the period 1980–2013
by applying the autoregressive distributed lag (ARDL) bounds testing approach and
adds that economic growth motivates emissions in both short-run and long-run. In
another context, a 1% rise in government expenditure significantly lowers green-
house gas emissions by 0.815%. However, [80] studied the Venezuelan context over
the period from 1971 to 2013 and contributes that government expenditure has a
positive effect on environmental degradation-emissions. In addition, the eco-
innovation rating is also responsible for decreasing emissions significantly by
0.0039% in these studied EU countries in the short-run. Using the GMM technique
on China’s 30 provinces during 2000–2013, [81] also contributes that environmen-
tal innovation resources along with green knowledge innovation are essential com-
ponents for emissions reduction. The results of this study also demonstrates that a

Pooled Model Random Effect Model Fixed Effect Model

Coefficient Standard
Error

Coefficient Standard
Error

Coefficient Standard
Error

LogENT 0.109
(0.215)

0.087 �0.056
(0.293)

0.054 �0.067
(0.148)

0.046

LogTRT �0.100
(0.001)***

0.029 0.032
(0.419)

0.039 �0.015
(0.685)

0.036

LogEC 0.015
(0.498)

0.023 0.411
(0.000)***

0.060 0.564
(0.000)***

0.087

LogGRD 0.245
(0.000)***

0.056 �0.029
(0.433)

0.037 �0.075
(0.022)***

0.032

LogGDP �0.060
(0.000)***

0.016 �0.334
(0.000)***

0.040 �0.703
(0.000)***

0.054

LogGE �0.060
(0.752)

0.190 �0.045
(0.501)

0.066 �0.226
(0.000)***

0.060

LogECO 0.058
(0.447)

0.076 0.022
(0.467)

0.031 �0.025
(0.347)

0.026

LogPDN �0.092
(0.000)***

0.025 0.191
(0.001)***

0.059 0.672
(0.000)***

0.078

Constant 1.290
(0.000)***

0.337 0.768
(0.003)***

0.262 1.618
(0.000)***

0.451

R2 0.284 0.010 0.003

Wald (χ2) 87.09

F statistic 10.68 29.53

Breusch-Pagan
test (χ2)

659.64
(0.000)***

Hausman test (χ2) 195.27
(0.000)***

No. of
observations

224 224

Notes: ***; **; * mean significant at 1%, 5% and 10% significance level, respectively. Numbers in brackets are p-values.

Table 6.
Estimates of static panel data for total energy tax and transport tax: Case of Greenhouse-gas Emissions.
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1% increase in production will also likely reduce emissions by a significant 0.40%.
However, Ganda [82] survey on the BRICS (Brazil, Russia, India, China, and South
Africa) using panel data from 1992 to 2014 express that production practice,
through industrial initiative adds to emissions.

The second part of this section will examine the short-run results by examining
environmental sustainability as the dependent variable. In this case, a 1% rise in
past adjusted net savings, excluding particulate emission damage, which is the
proxy for environmental sustainability (LogANSit�1) will significantly improve
current environmental sustainability levels in the scrutinised EU economies by
0.235%. Secondly, a percentage increase in total environmental tax leads to a 2.88%
increase in environmental sustainability. Kosonen [83] suggests that environmental
taxes are major instruments that governments can deploy in order to achieve sus-
tainability although their regressive effects require extensive consideration.
Thirdly, a 1% increase in energy consumption significantly rises environmental
sustainability by 5.56%. This outcome is elaborated by [84] study on OECD

Pooled Model Random Effect Model Fixed Effect Model

Coefficient Standard
Error

Coefficient Standard
Error

Coefficient Standard
Error

LogENT 4.516
(0.025)**

1.999 0.839
(0.717)

2.318 �1.207
(0.639)

2.571

LogTRT 0.382
(0.564)

0.662 2.106
(0.113)

1.327 5.084
(0.012)**

2.008

LogEC 1.787
(0.001)***

0.522 1.182
(0.412)

1.44 �12.918
(0.009)***

4.896

LogGRD 4.484
(0.001)***

1.286 �0.362
(0.813)

1.525 �3.436
(0.059)**

1.805

LogGDP 0.902
(0.012)**

0.3572 1.397
(0.159)

0.992 �0.837
(0.784)

3.047

LogGE �13.352
(0.002)***

4.334 �6.780
(0.016)**

2.827 �6.056
(0.073)*

3.357

LogECO 0.422
(0.809)

1.742 2.122
(0.116)

1.352 0.578
(0.696)

1.475

LogPDN �0.737
(0.197)

0.569 0.370
(0.786)

1.438 9.717
(0.027)**

4.355

Constant 17.462
(0.024)**

7.699 3.327
(0.647)

7.264 60.900
(0.017)**

25.302

R2 0.3883 0.274 0.304

Wald (χ2) 27.19

F statistic 17.06 4.06

Breusch-Pagan
test (χ2)

482.89
(0.000)***

Hausman test (χ2) 18.41
(0.0184)**

No. of
observations

224 224

Notes: ***; **; * mean significant at 1%, 5% and 10% significance level, respectively. Numbers in brackets are p-values.

Table 7.
Estimates of static panel data for total energy tax and transport tax: Case of Sustainability.
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economies from 1980 to 2011 using the STIRPAT model and highlights that
renewable energy consumption promotes sustainability by lowering emissions
while non-renewable energy use increase emissions thereby destroying the natural
environment.

Fourth, when short-run green research and development increased by 1% then
environmental sustainability will significantly decrease by 0.75%. This finding con-
flicts with [85] study on US electric generators who adds that short-run decisions to
integrate green technologies also provide significant emission reduction opportuni-
ties even before new technologies have been fully integrated on a broadened scale.

LogGHG LogANS

Coefficient Standard
Error

Coefficient Standard
Error

Log GHGit�1 0.218
(0.004)***

0.075

Log ANSit�1 0.235
(0.000)***

0.009

LogETT 0.222
(0.006)***

0.0803589 2.877
(0.000)***

0.681

LogEC 0.731
(0.000)***

0.1221115 5.556
(0.000)***

1.159

LogGRD 0.362
(0.000)***

0.084 �0.753
(0.053)*

0.389

LogGDP �0.403
(0.000)***

0.083 �1.324
(0.094)*

0.790

LogGE �0.815
(0.000)***

0.184 �10.793
(0.000)***

0.877

LogECO �0.004
(0.091)*

0.038 �1.542
(0.000)***

0.109

LogPDN �0.396
(0.000)***

0.131 2.910
(0.000)***

0.681

Constant 1.862
(0.000)***

0.377 5.028
(0.000)***

2.380

Wald (χ2) 88.56
(0.000)

11340.75
(0.000)

Arellano-Bond test for AR
(1) in first differences

z = �0.97
Pr > z = 0.003

z = �1.15
Pr > z = 0.025

Arellano-Bond test for AR
(2) in first differences

z = �0.52
Pr > z = 0.600

z = 0.29 Pr > z = 0.769

Hansen test of
overidentifying.
Restrictions

Chi-square = 30.79
Prob > chi2 = 0.683

Chi-square = 21.06
Prob > chi2 = 1.000

Sargan test of
overidentifying.
Restrictions

Chi-square = 16.49
Prob > chi2 = 0.284

Chi-square = 106.77
Prob > chi2 = 0.2

No. of observations 196 196

Notes: ***; **; * mean significant at 1%, 5% and 10% significance level, respectively. Numbers in brackets are p-values.

Table 8.
Findings of GMM short-run results as the dynamic regression approaches: In case of total environmental tax.
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Furthermore, income is also found to be lowering environmental sustainability in
the short-run for the studied EU countries. In this context, a percentage increase in
economic development significantly decreases sustainability by 1.32%. Neverthe-
less, Ganda [86] study on OECD economies also highlights that disagrees with these
outcomes as income is ascertained to increase environmental sustainability by
17.8% in the short-run. Another variable, government expenditure is also
ascertained to significantly lower environmental sustainability by 10.79% when it
increases by a single percent. Then, a 1% rise in eco-innovation is also accountable
to a significant decrease estimated at 1.54% of environmental sustainability. How-
ever, a 1% increase in production will significantly heighten environmental sus-
tainability by 2.91%. As such, Severo, de Guimarães, Dorion and Nodari [87] having
explored the Brazilian Metal-Mechanic industry posits that cleaner production
positively influences environmental sustainability.

Table 9 also depicts the results obtained by implementing a two-step GMM
analysis process. The presentation disaggregates total environmental tax by identify-
ing energy tax and transport tax as the main independent factors in this analysis. As
previously done in the previous section, we commence by initially assessing green-
house gas emissions as the dependent variable. In this context, it is evident that the
lagged variable factor LogGHGit�1 of greenhouse gas emissions indicates a positive
and significant link with greenhouse gas emissions. More precisely, a percentage
increase in lagged greenhouse gas emissions stimulates a 0.29% rise in greenhouse gas
emissions. These results concur with earlier results determined in this paper when
total environmental tax was analysed as an aggregate green tax proxy.

In addition, energy tax demonstrates a positive and significant connection with
greenhouse gas emissions. As such, a 1% rise in energy tax is sufficient to increase
emissions by 0.10%. However, Solaymani [88] study on Malaysia found out that
energy tax can reduce emissions although carbon tax was found to be a more
effective tax instrument for emissions reduction programs. Furthermore, the paper
outcomes show that transport tax shows a negative and highly significant associa-
tion with greenhouse gas emissions. In this context, a single rise in transport tax
leads to a 0.13% decrease in greenhouse gas emissions. González and Hosoda [89]
also conducted a study in Japan between 2004 and 2013 using the Bayesian struc-
tural time series model and they highlight that the integration of fuel tax has
unequivocally minimised aircraft emissions.

As well, the research illustrates that a 1% increase in energy consumption also
results in a significant 0.47% rise in emissions thereby agreeing with findings
presented in Table 8. Conversely, the results in Table 9 further indicates that a
percentage rise in green research and development generates a 0.15% decrease in
greenhouse gas emissions thereby supporting [79] study on 15 European Union
countries. Furthermore, economic growth has a negative and significant association
with emissions. As such, a 1% increase in income stimulates a 0.28% reduction in
emissions. However, Magazzino [90] study on Italy over the period 1970 to 2006
demonstrates a bidirectional causality link between economic growth and emissions.

The other outstanding variables indicate positive and significant links to green-
house gas emissions. For instance, a percentage increase in government expenditure
leads to a 0.176% significant rise in emissions. Contradicting with these findings
[91] study on a panelised data of 94 countries between 1970 and 2008 illustrates
that government expenditure exercise a significant direct influence in reducing the
amount of emissions. As well, the eco-innovation rating is also responsible for rising
emissions significantly by 0.11%. However, Costantini et al. [92] exploration of
European industries confirm that both indirect and direct impacts of eco-
innovations assist lessening environmental degradation although the strength var-
ied throughout the industry value chain. The outcomes of the research also confirm
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that as production in the short-run increases by 1% emissions also heightens by
0.15%. Likewise, Phalan et al.’s [93] survey on the Brazilian beef industry expresses
that production is highly unlikely to help lower emissions, and is possibly likely to
exacerbate deforestation.

The remaining segment of this section will evaluate the GMM findings through
scrutinising environmental sustainability as the dependent variable. Thus, from
Table 9, if lagged environmental sustainability (LogANSit�1) increases by 1% then a

LogGHG LogANS

Coefficient Standard
Error

Coefficient Standard
Error

Log GHGit�1 0.286
(0.000)***

0.062

Log ANSit�1 0.163
(0.000)* **

0.019

LogENT 0.100
(0.066)*

0.055 �4.369
(0.011)**

1.719

LogTRT �0.130
(0.001)***

0.038 5.740
(0.000)***

1.397

LogEC 0.466
(0.000)***

0.059 0.539
(0.644)

1.166

LogGRD �0.149
(0.001)***

0.043 1.750
(0.099)*

1.062

LogGDP �0.280
(0.000)***

0.050 1.304
(0.056)*

0.684

LogGE 0.176
(0.008)***

0.066 �12.552
(0.000)***

3.015

LogECO 0.113
(0.000)***

0.019 0.341
(0.008)***

0.128

LogPDN 0.155
(0.012)***

0.062 �5.987
(0.001)***

1.848

Constant �0.615
(0.010)***

0.244 33.271
(0.000)***

8.032

Wald (χ2) 411.85
(0.000)

3202.15
(0.000)

Arellano-Bond test for AR
(1) in first differences

z = �2.09
Pr > z = 0.036

z = �1.10
Pr > z = 0.022

Arellano-Bond test for AR
(2) in first differences

z = 0.32 Pr > z = 0.752 z = 0.60 Pr > z = 0.547

Hansen test of
overidentifying.
Restrictions

Chi-square = 19.82
Prob > chi2 = 0.898

Chi-square = 20.10
Prob > chi2 = 0.890

Sargan test of
overidentifying.
Restrictions

Chi-square = 43.9 Prob
> chi2 = 0.38

Chi-square = 38.51
Prob > chi2 = 0.111

No. of observations 196

Notes: ***; **; * mean significant at 1%, 5% and 10% significance level, respectively. Numbers in brackets are p-values.

Table 9.
Findings of GMM short-run results as the dynamic regression approaches: In case of energy tax and transport
tax.
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0.16% improvement in current environmental sustainability levels in the studied
EU countries is apparent thereby supporting outcomes validated in Table 8. Sec-
ondly, a percentage increase in total energy tax leads to a 4.37% decrease in envi-
ronmental sustainability. Likewise, Choi et al.’s [94] survey on the United States gas
taxes and fuel subsidy policy explains that in situations where part of gasoline tax
revenue is prioritised towards subsidising biofuel production then better resource
consumption and mitigated emissions will be evidenced. However, this paper out-
comes indicate that a 1% rise in transport tax increase environmental sustainability
by 5.74%.

The paper results also demonstrate that a 1% increase in energy consumption
significantly rises environmental sustainability by 0.54%. Furthermore, it can be
ascertained that if green research and development increased by 1% then environ-
mental sustainability will significantly increase by 1.75%. Moreover, a percentage
rise in income motivates a 1.30% rise in environmental sustainability. Hatfield-
Dodds et al. [95] study on Australia also contributes that it is quite difficult to
decouple economic growth and environmental outcomes and mobilisation of tech-
nologies and engagement of environmental incentives are essential for advance-
ment towards sustainable prosperity. The research outcomes also show that a 1%
increase in government expenditure is also ascertained to significantly lower envi-
ronmental sustainability by 12.6%. In addition, a 1% rise in eco-innovation is also
accountable to a significant increase estimated at 0.34% of environmental sustain-
ability. Nevertheless, a 1% increase in production will significantly lessen environ-
mental sustainability by 5.99%.

Table 8 which was presented earlier in this section outline the regression find-
ings in the short-run scenario in case where environmental tax was identified as the
main independent variable. Table 10 above extends the discussion by examining
the association involving environmental tax as the primary independent factor to
both emissions and environmental sustainability but on a long-run setting. In detail,
it is evident that environmental tax form a positive relationship with both green-
house gas emissions and environmental sustainability (although it is significant in
this context). Likewise, energy consumption shows a significantly positive link with

LogGHG LogANS

Coefficient Standard Error Coefficient Standard Error

LogETT 0.004
(0.970)

0.102 2.642
(0.000)***

0.674

LogEC 0.513
(0.000)***

0.145 5.320
(0.000)***

1.157

LogGRD 0.144
(0.241)

0.123 �0.988
(0.012)**

0.394

LogGDP �0.622
(0.000)***

0.110 �1.560
(0.049)**

0.792

LogGE �1.034
(0.000)***

0.209 �11.028
(0.000)***

0.881

LogECO �0.222
(0.025)**

0.099 �1.778
(0.000)***

0.108

LogPDN �0.614
(0.000)***

0.164 2.675
(0.000)***

0.685

Notes: ***; **; * mean significant at 1%, 5% and 10% significance level, respectively. Numbers in brackets are p-values.

Table 10.
Findings of GMM long-run results as the dynamic regression approach: in case of total environmental tax.
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both emissions and environmental sustainability. Green research and development
produce a positive link with emissions but its connection with environmental sus-
tainability is significantly negative. The results further prove that economic growth,
government expenditure, and eco-innovation show significant negative relation-
ships to both emissions and environmental sustainability in the long-term. Lastly,
production generates a significantly negative link with emissions but its association
with environmental sustainability is significantly positive.

Table 9 of this part of the study produced short-run associations by
disintegrating total environmental tax through isolating energy tax and transport
tax as the main independent variables. Table 11 expand this analysis by identifying
the association of these explanatory variables against both emissions and environ-
mental sustainability within a long-run basis. In brief, energy tax, government
expenditure and production produces a significantly negative connection with both
emissions and environmental sustainability. Other findings confirm that transport
tax, green research and development, economic growth and eco-innovation dem-
onstrate negative and positive associations with both emissions and environmental
sustainability. The relationship involving energy use to both emissions and
environmental sustainability is positive in both cases.

5. Discussion and implications

This section presents a detailed analysis of the study also highlights the implica-
tions of the research.

Table 12 provide useful insights about the context involving the association
between total environmental tax and both greenhouse gas emissions along with
environmental sustainability. Total environmental tax appears to be increasing
emissions both on the short-and long-run scenario although it is found to be also

LogGHG LogANS

Coefficient Standard Error Coefficient Standard Error

LogENT �0.185
(0.021)**

0.080 �4.532
(0.008)***

1.713

LogTRT �0.416
(0.000)***

0.074 5.577
(0.000)***

1.400

LogEC 0.180
(0.058)*

0.095 0.376
(0.745)

1.157

LogGRD �0.435
(0.000)***

0.078 1.587
(0.136)*

1.064

LogGDP �0.566
(0.000)***

0.058 1.142
(0.099)*

0.692

LogGE �0.110
(0.292)*

0.104 �12.714
(0.000)***

3.005

LogECO �0.173
(0.005)***

0.061 0.178
(0.156)

0.126

LogPDN �0.131
(0.193)*

0.101 �6.150
(0.000)***

1.842

Notes: ***; **; * mean significant at 1%, 5% and 10% significance level, respectively. Numbers in brackets are p-values.

Table 11.
Findings of GMM long-run results as the dynamic regression approach: In case of energy tax and transport tax.
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simultaneously increasing environmental sustainability. This implies that while
overall natural environmental effect as a result of imposing environmental tax
improves there is also a need for EU economies to introduce specific green taxes
which directly focus on particular environmental indicators so that emission reduc-
tion is effectually achieved. Moreover, there is a need to transform or remove
particular environmental taxes which are not effectively achieving zero-emission
targets. As well, taxes can be modified by adding regulatory instruments so that
they are aligned with natural environmental objectives and goals. It is also apparent
that energy consumption has been increasing the level of emissions and environ-
mental sustainability. In this case, EU economics should continue expanding the
integration of renewable energy and oppose further consumption of fossil fuels.
There is evidence of renewable energy use in EU economies [13, 60] in pursuit of
lower emissions which can possibly explain the improved environmental sustain-
ability context. However, there is also a need to upgrade energy systems of green
energy technologies so that they do not add to heightening emissions.

Green research and development is found to be highly effective when environ-
mental taxes are emphasising of particular environmental measures instead of
adopting a holistic environmental tax policy. For instance, when environmental tax
was disaggregated the tax tools used managed to motivate green research and
development to lower emissions and simultaneously raise environmental sustain-
ability. Economic growth is quite effective in lowering the level of greenhouse gases
whether environmental tax is aggregated and/or disaggregated. Of note is that
economic growth effectively improve environmental sustainability in the short and
long-run when EU economies use specific environmental taxes when adopting a
comprehensive environmental tax instrument.

On the one hand, government expenditure is very efficient in lowering emis-
sions in the short and long-run but is also not able to promote environmental
sustainability during these periods in case where aggregate environmental tax is
employed. On the other hand, the situation is also predominantly noticeable when
environmental tax has been disaggregated (energy tax and transport tax) except
that it increases emissions in the short-run. This indication shows that government
expenditure in EU economies needs to focus on an inclusive approach which
supports all issues related to sustainability instead of putting much emphasis on

Environmental tax Energy tax and Transport tax

LogGHG LogANS LogGHG LogANS

Short-
Run

Long-
Run

Short-
Run

Long-
Run

Short-
Run

Long-
Run

Short-
Run

Long-
Run

LogETT + + + +

LogEC + + + + + + + +

LogGRD + + — — — — + +

LogGDP — — — — — — + +

LogGE — — — — + — — —

LogECO — — — — + — + +

LogPDN — — + — + — — —

LogENT + — — —

LogTRT — — + +

Table 12.
Summary of GMM short-and long-run results.
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emissions alone. In this case, government expenditure should also include environ-
mental standards and regulations and measures which heighten environmental
sustainability.

It is also observable that eco-innovation is capable of lowering emissions
whether environmental tax is aggregated or disintegrated. However, in the case
where environmental tax is not aggregated, that is, specific eco-innovation
improves environmental sustainability but it worsens environmental sustainability
in case of total environmental tax. This shows the importance of introducing spe-
cific eco-innovation regulatory standards that fits different parts of the production
and ultimate distribution of manufactured goods and services.

Although production in EU economies manage to lower emissions in cases where
environmental is aggregated and/or not is has not been able to improve environ-
mental sustainability. In this case, while production has managed emissions reduc-
tion targets the impacts of this procedure on other natural environmental
components require to be upgraded.

Lastly, it is apparent that energy tax has been lessening environmental sustain-
ability but transport tax has been effective in creating required environmental
sustainability scenarios. Both these taxes are also effective in the long-run in lower-
ing emissions although energy tax is found to ineffective in lowering emissions in
the short-run. It is evident that the transport tax appears to be a more effective
instrument to meet environmental goals when compared to energy tax in EU econ-
omies. In this case, there is a need to revise energy policy and regulatory instru-
ments that deal with energy in these countries so that such tools are harmonising
with sustainability goals and objectives.

6. Conclusion

The first findings presented regression results when the aggregate environmen-
tal tax was employed. These outcomes show that total environmental tax, energy
consumption, green research and development significantly heightened emissions
in the short-run scenario. The results further demonstrate that in the short-term
economic growth, government expenditure, eco-innovation rating and production
scores significantly lowered emissions. The results also confirm that total environ-
mental tax, energy consumption and production significantly increase environ-
mental sustainability in the short-run. Conversely, green research and
development, economic growth, government expenditure, and eco-innovation sig-
nificantly lower environmental sustainability in the short-run. The long-run results
demonstrate that environmental tax and energy consumption develop a positive
relationship with both greenhouse gas emissions and environmental sustainability
respectively. In addition, green research and development generates a positive
connection with emissions although its link with environmental sustainability is
significantly negative. Economic growth, government expenditure, and eco-
innovation illustrates a significant negative relationships to both emissions and
environmental sustainability in the long-term. In the long-run, production produces
a significantly negative association with emissions but a significantly positive
relationship with environmental sustainability.

The second part of the results section outlined regression when disaggregated
environmental tax (energy tax and transport tax) was deployed. Thus, in the short-
term, energy tax, energy consumption, government expenditure, eco-innovation
rating, and production scores spur a significant rise in emissions. However, trans-
port tax, green research and development, and income influence lessens emissions
in the short-run. Furthermore, energy tax and production significantly reduce
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environmental sustainability in the short-term. Nonetheless, transport tax, energy
consumption, green research and development, income and eco-innovation signif-
icantly increase environmental sustainability in the short-run. The long-run find-
ings proves that energy tax, government expenditure and production produces a
significantly negative relationship with both emissions and environmental sustain-
ability. As well, transport tax, green research and development, economic growth
along with eco-innovation produce negative and positive associations with both
emissions and environmental sustainability. Lastly, energy use shows a significantly
positive link to both emissions and environmental sustainability.
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