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Preface

In the last decade, computing devices have become a large part of daily life. Most
people have more than one cellular and computing device, thus there are numerous
computing networks and devices that consume a huge amount of electrical energy. 
Designing and manufacturing energy-efficient computing devices, servers, and 
laptops can help minimize air and water pollution. This is called green computing, a
concept born in 1992 with the launch of the Energy Star program in the United States. 
One of the main goals of electrical and computer engineers should be to evaluate and 
manufacture green computing devices and servers. Moreover, disposing and recycling 
of unwanted computing instruments and electronic devices is an important task
in creating a green planet. Every person can contribute to green computing via the
environmentally responsible use of computing devices and cellular phones.

Green computing may be considered as the study, development, design, engineer-
ing, research, production, use, and disposal of computing devices and networks to
reduce environmental hazards, energy consumption, and environmental pollution. 
Computer researchers, designers, developers, manufacturing companies, and vendors
are investing in developing green computing networks and modules by reducing the
use of hazardous materials and using improved recycling processes for computing 
modules and devices. Green computing is known as green information technology
(green IT).

In the last decade, the world has suffered from severe changes in temperature and
climate as well as pollution of ecosystems. Many countries are experiencing extreme
heat, severe droughts, depletion of groundwater reserves, and environmental pollu-
tion. Climate change is also contributing to the rapid spread of diseases and viruses
and the extinction of animal species. Unfortunately, these changes are almost irrevers-
ible. One way to mitigate these drastic environmental changes is via green computing.
Dangerous chemicals and toxins that pollute the environment are part of computers
and electronic waste. These dangerous chemicals can be found in crops and cannot be
removed from food products. Polluted air and water and climate changes affect the
health of all individuals. Birds, fish, and other animals consume plastic waste, and
these plastic particles are making their way into the food chain. Green computing is
one way to mitigate these negative effects. Electronic waste management, recycling,
green electronic devices, and renewable energy are important challenges in green
technologies.

The book presents new topics and innovations in green computing technologies that
can be applied in green computing and electronic industries. It is organized into four
sections: “Innovation in Renewable Energy for Green Computing”, “Green Energy
for Computing Networks”, “Green Healthcare and Computing Systems”, and “Waste
Management for Green Computing Systems”.
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Chapter 1

Introductory Chapter: Advances in
Green Electronics Technologies in
2023
Albert Sabban

1. Introduction

Green computing was started in 1992 and was named Energy Star. In the last
decade, computing devices have become a large part of our daily life. Every person has
more than one cellular and computing device. There are on our planet milliards of
computing networks and devices that consume a huge amount of electrical energy. By
designing and manufacturing energy-efficient computing devices, servers, and lap-
tops, we can minimize air and water pollution. One of the main goals of electrical and
computer engineers should be to evaluate and manufacture green computing devices,
servers, laptops, and tablets. Moreover, disposing and recycling unwanted computing
instruments and electronic devices is important in creating a green planet. Every
person can contribute to green computing by environmentally responsible use of
computing devices and cellular phones.

1.1 Personal contribution to green computing

• Everyone can buy energy-efficient laptops, computers, and other computing
devices. Use computing devices that have been awarded a valid certificate of high
energy efficiency.

• Everyone can turn off his laptop and computer when not using the computing
device.

• Turn the brightness down of the computing devices when they are not being
used. Wireless devices, computing devices, tablets, and laptops consume
electrical energy in standby mode. Leaving them on but not in use will still drain
the device’s battery.

• Printers consume a lot of electrical power. Print when necessary and recycle
papers. Everyone can employ digital correspondence through file-sharing
services and email.

• By using updated software and drivers, we can reduce the electrical power
consumption of computing devices. This will ensure that the computing devices
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run at optimal energy efficiency and reduces the time and power required to
complete computing tasks.

• Recycling of computing devices and electronic products contributes to the green
environment.

Green computing may be considered the study, development, design, engineering,
research, production, use, and disposal of computing devices and networks to reduce
environmental hazards, energy consumption, and environmental pollution. Computer
research, designers, developers, manufacturing companies, and vendors are investing
in developing green computing networks and modules by reducing the use of hazard-
ous materials and using improved recycling processes for computing modules and
devices. Green computing is known as green information technology (green IT).

In 1992 EPA, the Environmental Protection Agency, started the Energy Star project
that initiated green computing research and practice.

Green computing main topics and initiatives:

• Energy Consumption: Minimizing the electrical energy consumption of
computing networks and other computing devices and employing them in an
eco-friendly manner.

• Green disposal: Disposing and recycling, unwanted computing modules,
laptops, tablets, and other computing devices.

• Green development and design: Evaluating and designing energy-efficient
computing networks and devices, servers, printers, and other computing devices.
Energy harvesting technologies minimize the electrical energy consumption of
computing networks and other computing devices.

• Green manufacturing: Recycling computing devices, computing modules and
electronic components, and cellular phones during the manufacturing of
computing networks, laptops, and their peripheral devices. Minimizing waste
during manufacturing computing networks, computers, and other computing
subsystems to minimize environmental pollution because of these activities.

The book presents new topics and innovations in green computing technologies
that can be applied in green computing and electronic industries. The book presents
the major topics in green computing and electronic technologies such as renewable
energy, green energy, green healthcare, waste, and green computing.

In 2023 Green Computing should be used to protect the world from air and water
pollution. In the last decade, the world suffered from severe changes in temperature
and climate, air, and water pollution, ocean pollution, and sea pollution. Many coun-
tries suffer from severe droughts, seawater pollution, seawater levels rise because of
the earth’s temperature rise, and severe droughts cause depletion of groundwater
reserves, sea pollution, air pollution, and river pollution. Climate changes cause the
rapid spread of diseases, viruses, and the extinction of animal species. These changes
are almost irreversible. The computing and electronic industry, trucks and cars
industry, and the cellular phones industry in the last decade depleted and ruined
the universe’s natural resources. Dangerous chemicals and toxins that pollute air,
water, seawater, and groundwater are part of computers and electronic waste.
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These dangerous chemicals cannot be removed from food products such as fruit, fish,
and vegetables. These dangerous chemicals can be found in food crops, crops grown
on polluted soil, fruits, vegetables, fish, and meat. Polluted air, water, and climate
changes affect grownups and children’s health. Dangerous chemicals and plastic waste
kill our world’s ocean and sea habitats. Chemical toxins, plastic waste, and other
hazardous materials kill birds, fish, and other animals. Fishes and other animals
swallow plastic waste, and these creatures become contaminated, and plastic particles
are making their way into our daily food chain. The contaminated animals, fishes, and
other creatures are served in our food and reach our bodies. Green computing net-
works, electronic waste management, recycling, green electronic devices, and renew-
able energy are important challenges and important topics in green technologies.

2. Green computing networks and green electronics technologies

Green computing has an important positive impact on protecting the environment.
The information and communication technology industries are responsible for 2% to
up to 4% of global greenhouse gas emissions. Due to this fact, green electronics and
computing engineering have been in continuous growth in the last decade. Moreover,
cellular communication, communication, electronics, and computing industries are
facing increasing pressure from governments and legislative institutes to remove toxic
and hazardous materials from their products. There is a worldwide environmental
movement to use green energy, green materials, and green components in the pro-
duction of communication, electronic devices, and computers. The energy demands
and carbon emissions of computing and the entire communication systems must be
dramatically reduced to slow climate changes and to avoid catastrophic environmental
disaster. The use of toxic and hazardous materials such as cooper, lead, plastic mate-
rials, and other toxic materials is limited or not permitted to minimize pollution and to
improve recycling process. Green computing seeks to reduce the carbon emission
price tag. When computing system designers take steps to reduce the amount of
energy that each module uses to reduce the amount of heat those modules produce,
the carbon price tag of computing systems may be reduced considerably. Moreover,
computing system designers should increase the life cycle of computing devices and
components, so they do not need to be replaced frequently. Computing system
designers should increase users’ ability to reuse computing products and design recy-
clable components and modules when they should be replaced.

2.1 Main objectives and activities in green computing and electronics

• Employing Green renewable energy.

• The key goal of green computing is to reduce energy consumption and carbon
emission.

• Using efficient computing networks and minimization of energy consumption.

• Using green materials and avoiding hazardous materials.

• Developing proper algorithms to improve the computer’s efficiency
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• Taking care of computer and electronic waste

• Recycling computers and electronic waste

2.1.1 How to achieve green computing

By applying the following steps green computing and energy efficiency in data
centers and other IT centers may be improved.

• Install building green environment systems that are energy efficient, such as solar
and renewable energy.

• Install fans throughout computing systems racks to reduce heat.

• Install overhead lighting with low energy consumption with timers or motion
detectors to control light switches and reduce the time lights that is used.

• Buy and use energy-efficient servers, laptops, switches, desktop systems,
printers, and scanners and other electronic and communication equipment.

• Install energy-efficient windows and doors that have reflective glass to reduce
heat.

• Turn off computing systems that are not performing scheduled work.

• Use refillable computing systems and devices.

3. Green computing services and cloud storage

3.1 Green cloud computing services

Cloud computing is an on-demand internet computing service that provides
shared computer facilities, data storage to computing devices, servers, and computer
processing facilities. Cloud computing is based on sharing computing facilities such as
servers, computer networks, data storage devices, computing applications, and other
services. This service provides access to a shared pool of configurable computing
systems such as servers, computers, data storage computing devices, and other ser-
vices. Cloud computing services can be rapidly provisioned and released with minimal
management effort. Cloud computing and storage solutions provide users and orga-
nizations with several capabilities to store and process their data in private cloud
computing data centers. Cloud computing allows organizations and companies to get
faster computing services and minimize high infrastructure costs such as expensive
software costs and servers. Cloud computing allows companies to get their applica-
tions up and run with better manageability and less computing maintenance costs.
Cloud computing information teams can easily adjust computing resources to perform
unpredictable computing business tasks. Cloud computing applies high-performance
computing power to perform tens of trillions of computations per second. By using
cloud computing services, companies and organizations can focus on their core activ-
ities instead of spending money, time, and staff on computer facilities.
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Cloud computing and storage solutions cut companies’ and organizations’ energy
consumption.

3.2 Cloud computing storage

Cloud storage provides companies with greener computing services. Cloud com-
puting storage cuts companies’ and organizations’ energy consumption and comput-
ing expenses. By using cloud storage, purchasing additional storage capacity is
minimized and storage maintenance tasks and expenses are reduced. 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 infrastructure 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 the 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 of 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 interfaces, API, such as cloud desktop storage and cloud storage gate-
ways. There are three main cloud-based storage architecture models public, private,
and hybrid.

3.3 Importance of cloud computing storage

• Cloud storage provides companies with greener computing services.

• Cloud computing storage cuts companies’ and organizations’ energy
consumption and computing expenses. 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 computing storage can provide the benefits of rapid deployment, greater
accessibility, strong protection for data backup, archival and disaster recovery
purposes, and reliability.

• Cloud computing storage uses at least two backup servers located in different
places around the globe. Cloud computing storage is used as a natural disaster-
proof backup.

• Cloud computing storage may 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. Cloud storage services provide data protection and storage
availability. Additional technology computing efforts and cost to ensure data
availability and protection of data storage are eliminated.
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3.4 Drawbacks of cloud computing storage

• By using cloud computing storage, the security level of the stored data is
decreased.

• By using cloud computing storage, the risk of unauthorized physical access to the
data is increased.

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

• Cloud computing storage increases the number of networks that the data is
transferred over them.

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

• Data privacy may decrease because cloud storage companies have many
customers and thousands of servers. Therefore, computing staff may access
almost all the data at the entire facility. Encryption keys that the service user
keeps limiting 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 computing 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 valuable target.

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

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

4. Innovation in green renewable energy 2023

Examples of green renewable energy are solar energy, water energy, wind energy,
and biological fuel. Natural resources like light, waterfalls, wind, and electromagnetic
energy, are used to produce green renewable energy. According to the International
Energy Agency, IEA, main markets like the United States, China, and Europe will help
solar power production to reach 125GW capacity per year from now until 2025.

4.1 Solar energy

The sun is an infinite source of light and solar energy. Solar panels and cells
convert solar energy from natural light into electrical energy through photovoltaics.
Using solar energy to generate electricity minimizes the consumption of coal, fuel,
and gasoline. Using solar energy results in a huge reduction in air, water, and
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environmental pollution. Figure 1 presents thin solar panels on a roof. Innovative low-
cost ways solar energy is being used to enhance our daily lives are presented below.
Streetlights – The sun charges the batteries during the day, which then powers light-
emitting diodes (LEDs) at night to illuminate the streets. Several cities are incorpo-
rating smart sensors into streetlights that can even direct drivers to open parking
spaces and help first responders during emergency situations. More cities across the
world are powering streetlights with solar energy. Using internet-linked sensors with
solar-powered streetlights saves both time and money.

4.1.1 Cell phone charger

Portable solar panels, the size of a tablet, can charge cell phones, GPS trackers,
tablets, and laptops. USB cell phone chargers can charge a phone to almost full after
2 hours of exposure to solar energy. They can be hooked on backpacks to collect UV
sunlight as we walk, making them ideal for outdoor activities.

4.1.2 Vaccine refrigerators

Private companies have been manufacturing solar-powered vaccine refrigerators
so healthcare workers in remote areas such as Africa can administer critical medica-
tion to those who need it. In developing countries, 24-hour electricity is not
guaranteed, and in many cases, there is no electrical grid. This technology solution
saved lives for more than 30 years.

4.1.3 Ovens

Solar ovens, called solar cookers, reflect the sun’s energy to cook food. Solar ovens
can be parabolic or square lined with a reflective material that directs the solar energy
into the box, which heats the food evenly. The lid on top is typically made from glass
to better focus the sun’s energy. They are ideal for off-grid living and are used in

Figure 1.
Thin solar panels on a roof.
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developing countries and in outdoor activities. These ovens reduce air pollution that
results from burning fuel.

Advantages of Green Solar Energy

• Solar energy is environmentally friendly and does not emit greenhouse gases.

• Solar energy is a clean green energy. Solar energy does not result in the
destruction of forests and the environment that occurs with many fossil fuel
operations.

• Solar energy offers decentralization of power.

• Solar energy does not rely on constantly mining rawmaterials such as coal and fuel.

• Solar cells and panels produced today carry up to 30 years of warranty.

• Solar light is a free natural resource and is not degradable.

• Solar energy does not require expensive raw materials like coal, oil, or gasoline.
Production of solar energy requires drastically lower operational labor than
conventional power production.

• Oil, gasoline, and coal used to produce conventional electricity should be
constantly extracted, refined, and transported to the power plant.

• Oil, gasoline, and coal, used to produce electricity, are 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.

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

• The sun is a free unlimited commodity that can be sourced from several locations.
One of the major advantages of solar energy is the ability to avoid the linkage
between political status and energy prices. However, in the fuel markets, there is a
strong linkage between political status and energy prices. Solar energy prices are less
affected by price manipulations of political status, war, and international relations.
Politics status manipulations doubled the price of fuel in the past two decades.

Disadvantage of Solar Energy

• Solar energy cannot be produced at night or in foggy areas. Depending on the
weather and sunlight.
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• Solar energy installation and maintenance are expensive.

• Solar energy panels consume large area zones.

• Solar energy development and production are expensive.

• The efficiency of solar energy production is relatively low compared to traditional
electricity production. The efficiency of solar cells and panels is less than 40%.

• Solar electricity storage technology is expensive and is more appropriate for small
houses.

4.2 Wind energy

Wind energy is a form of renewable energy that has gained significant attention
in the last 30 years as a potential solution to the world’s increasing energy
demands. The natural power of the wind can be used to generate electricity
without producing harmful emissions like fuel and other toxic energy sources.
Cumulative wind capacity worldwide increased from around 20,000 megawatts to
more than 500,000 megawatts in the last 15 years. International green organization
efforts to minimize climate changes, such as the 2015 Paris treaty, green renewable
energy is continuously growing. Wind energy is a popular renewable source of
energy that has a minor impact on the environment compared to producing energy by
using coal or fuel. Wind power uses the strong wind flow to provide mechanical
power through wind turbines to turn electric generators to produce electrical power.
Wind kinetic power is used to operate electric turbines and windmills. Windmills
cannot be operated in residential areas. Wind energy farms are usually located off-
shore or on high mountains. When the wind blows, the turbine’s blades spin clock-
wise, capturing energy. The main shaft of the wind turbine, connected to a gearbox
within the nacelle, is triggered to spin when the wind blows. The gearbox sends the
wind energy by the gearbox to the generator. Wind power is converted to electricity.
Offshore wind turbines provide steady, reliable clean energy in many countries.

(a) (b)

Figure 2.
(a) Country wind energy farm (b) offshore wind energy site.
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Figure 2 presents wind energy turbines. Figure 2a presents a country wind energy
farm. Figure 2b presents an offshore wind energy site. The main advantage of wind
energy, in several countries, is that wind is a clean, reliable free source of renewable
energy with no air or water pollution. Wind energy turbines are ugly and noisy. A
disadvantage of wind energy is that the wind turbines rotating blades kill birds, bats,
and other protected birds.

Advantage of Wind Energy

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

• Wind energy is plentiful, readily available, and 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 environmentally friendly. Wind energy does not rely on
constantly mining raw materials. Wind energy does not result in the destruction
of forests and ecosystems 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.

• 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 political status and energy price. However, in the fuel markets,
there is a strong linkage between political status and energy prices. Wind energy
prices are less affected by price manipulations of political status, war, and
international relations. However, political status manipulations doubled the price
of fuel in the past 50 years.

• Oil, coal, and gas used to produce conventional electricity are 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.
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• Consume a large area and is noisy. Moreover, dangerous to birds, bats, and
animals.

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

4.2.1 Innovation in wind energy – Vertical axis wind turbines

Vertical axis wind turbines (VAWTs) are a new type of wind turbine. Unlike the
traditional horizontal-axis wind turbines used for several decades, vertical-axis wind
turbines have a unique design that allows them to capture wind energy from any
direction. The blades of VAWTs are positioned vertically and rotate around a central
axis, making them ideal for use in urban areas and other locations where wind direc-
tion is unpredictable. VAWTs have several advantages. Because of their compact
design, VAWTs can be installed in various settings, including residential homes and
commercial buildings, making them a viable option for decentralized energy genera-
tion. Additionally, VAWTs are generally quieter than their horizontal axis turbines,
making them better for noise-sensitive environments. Researchers are investigating
new materials and designs that could make VAWTs even more efficient and cost-
effective. Table 1 presents the global wind farms database in May 2023.

4.3 Green hydropower, water energy

In water energy sites, the water flow kinetic energy is converted to electric energy.
Waterfalls and fast-running water flow may be used to produce electric energy. In the
late 19th century, hydropower became a source for generating electricity. The first

Region Subregion Operating Construction Preconstruction

Global Total 786,304 163,957 967,006

Africa Northern Africa 3302 3498 21,880

Sub-Saharan Africa 4709 949 8573

Americas Latin America and the Caribbean 41,483 13,004 95,869

Northern America 152,491 16,896 55,628

Asia Central Asia 648 798 1240

Eastern Asia 317,150 80,415 346,178

South-eastern Asia 7304 2390 54,507

Southern Asia 30,798 4011 14,115

Western Asia 12,618 1155 4694

Europe Eastern Europe 16,522 1219 13,616

Northern Europe 58,721 17,095 195,754

Southern Europe 48,519 6227 71,538

Western Europe 79,814 6562 28,930

Oceania Australia and New Zealand 12,207 9676 54,483

Table 1.
2023 global wind offshore farms database in mega Watts.
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commercial hydroelectric power plant was built at Niagara Falls in 1879. In 1881,
streetlamps in the city of Niagara Falls were powered by hydropower. Hydroelectric-
ity can be used to store energy in the form of potential energy between two areas with
different heights with pumped-storage hydroelectricity. Water is pumped uphill into
cities during periods of low demand. This energy can be released to generate energy
when demand is high.

In this decade, hydropower has an important role in the transition to green energy
through its massive quantities of low-carbon electricity and its unmatched capabilities
for providing flexibility and storage. Many hydropower plants can ramp their elec-
tricity generation up and down very rapidly compared with other power plants such
as nuclear, natural gas, and coal. This makes sustainable hydropower an attractive
foundation for integrating greater amounts of wind and solar power, whose output
can vary depending on factors like the weather and the time of day or year. Global
hydropower capacity is expected to increase by 17% between 2021 and 2030. In 2020,
hydropower supplied around 17% of global electricity generation, making it the single
largest energy source of low-carbon power. Hydropower output has increased by 70%
over the past 20 years, but its share of the global electricity supply has held steady
because of the increases in wind, solar PV, natural gas, and coal. Nonetheless, hydro-
power currently meets most of the electricity demand across 28 different emerging
and developing countries, with a total population of 800 million.

4.4 Energy harvesting

As presented in Figure 3, the energy harvesting unit consists of an antenna,
rectifying diode and circuit, and a rechargeable battery. Figure 3a presents a Circular
polarized wearable active receiving sensor with energy harvesting unit. The energy
harvesting unit and the radiating element provide a self-powered device. The rectifier
diode converts electromagnetic energy, AC energy, to direct current (DC energy).
Two types of diode rectifiers are usually used a half wave rectifier or a full wave
rectifier, [1–6]. A half-wave rectifier converts only the half cycle of the positive
voltage. It allows to harvest only one half of the electromagnetic wave. The efficiency
of the half wave rectifier is around 41%. The bridge full wave diode rectifier circuit
converts electromagnetic energy to DC energy. The bridge rectifier consists of four
diodes D1 through D4. The rectifier output DC voltage, VODC ¼ 2Vm=π, The full wave
rectifier efficiency is around 81%. Electromagnetic power amount in public centers,
stadiums, hospitals, and malls may range from 1 to 5 mW/cm2. The harvesting system
efficiency increases as function of the RF power collected by the harvesting system as
listed in Table 2. The amplifier amplifies the input power collected by the energy
harvesting system and improves the efficiency of the harvesting system. Results listed
in Table 2 are also presented by companies that manufacture RF energy harvesting
systems, see [1–7]. If the RF radiating sources are close to the harvesting system, the
RF power collected by the harvester will be higher. A wearable medical system with
energy harvesting unit is presented in Figure 3b.

The continuous growth in the production of portable RF communication systems
and cellular phones increases the consumption of electrical energy and batteries. In
the last 30 years, the trend to use green free space energy, such as light, electromag-
netic energy, heat, vibration, muscle motion, and other energy-green sources, has
become very important, attractive, and useful. Several methods, research, and inven-
tions to produce electricity from free green energy sources have been published, see
[1–7]. Electromagnetic harvesting may be useful to recharge phones and batteries only
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if we collect electromagnetic energy that can charge electronic devices. Energy
harvesting units can eliminate the need to charge batteries by using electrical cables. It
is crucial to harvest electromagnetic energy from many transmitting RF modules and
systems. Multiband wideband antennas should be employed to harvest as much RF
energy as possible. Due to low RF energy densities in free space, wideband efficient

(a) (b)

(c)

Figure 3.
Sensors with RF energy harvesting unit. (a) Circular polarized active receiving sensor with energy harvesting unit.
(b) Wearable medical system. (c) Dual mode energy harvesting concept.

Input power dBm Efficiency % Remarks

�4 to �6 8–12 Low efficiency

�3 to �2 28–32 Low efficiency

�1 to +1 48–52 Good efficiency

2–3 52–56 Good efficiency

4–5 52–56 Good efficiency

6–8 56–58 Good efficiency

9–11 60–65 Best efficiency

Table 2.
Measured harvester efficiency as function of input collected power.
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antennas should be developed. The antennas should radiate efficiently at a specific
frequency range and polarization. To meet the RF system requirements, 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]. RF energy harvesting systems
collect electromagnetic waves propagating in the air. This RF energy is stored and
used to recharge phones, batteries, and other electrical modules. In the last 20 years,
there has been a huge increase in the amount of electromagnetic energy in the air. The
electromagnetic energy harvesting system operates as a Dual Mode harvesting unit.
The Low Noise 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, shown in
Figure 3c, consists of antennas that can harvest electromagnetic energy from around
0.15GHz up to 18GHz. The received electromagnetic energy is transformed into DC
energy. The energy coupled to the built-in test port, �20 dB, may be used to recharge
electronic devices, batteries, and phones.

5. Recycling

Recycling is a process that collects and processes used products and materials that
otherwise can be trash. Recycling conserves raw materials and components and saves
the additional energy that companies would use to produce new devices from scratch.
The rapid growth in manufacturing cellular wireless communication systems, tablets,
and laptops over the last 20 years has resulted in most of the universe’s population
owning computers, smartphones, laptops, smart watches, I-pads, and other comput-
ing devices. In 2023, the number of unwanted computing devices and electronic
devices is huge. With this big number of computing devices and phones being pro-
duced and discarded, a new environmental disaster strikes our world. Electronic and
computing waste is filling up landfills and trash storage areas. This computing and
electronics waste contains toxic, hazardous materials that pollute the environment
and danger the health of human beings and animals. This electronics and computing
waste increase air, water, and environmental pollution. Recycling computing devices,
cellular phones, and laptop waste, used batteries, plastic waste, and other hazardous
devices drastically decreases environmental pollution. Recycling saves original raw
materials and reduces waste and pollution.

6. Challenges in green computing technologies in the next three years

We should encourage companies to use green renewable energy, green materials,
and green components in the development and production of smartphones, electronic
devices, and other computing devices.

We should encourage companies, organizations, and global activities to reuse and
recycle computing devices, electronic waste, and old smartphones. In green comput-
ing and green electronic industries, the use of hazardous and toxic materials such as
copper, lead, plastic materials, and other toxic materials should be limited to decrease
air, water, and other environmental pollution. Legislators should encourage and force
companies to produce green computing devices. High-Tech companies and comput-
ing device manufacturers should be encouraged to develop and produce electronic
devices that are green and environmentally friendly.
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6.1 Green computing and electronics technologies challenges and innovations

• Developing efficient renewable and harvesting energy for the electronic and
computing industry.

• Improving the recycling process and using recycled components and devices in
the manufacturing of computing and electronic devices.

• Design and development of new green materials, green computing, and
electronic devices.

• Developing efficient and cheap green solar energy, wind energy, and hydropower
energy.

• Developing methods to improve the Recycling process. Recycling most of the
computing and electronics waste product. Developing new green plastic and
packages.

• Development and production of green electrical cars, motorcycles, and airplanes.

• We should encourage legislators, leaders, people, young people, and kids to lead
around the globe activities to decrease air pollution, water pollution, and climate
change.
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Chapter 2

Green Wearable Sensors for
Medical, Energy Harvesting,
Communication, and IoT Systems
Albert Sabban

Abstract

This chapter presents novel passive and active wearable sensors for biomedical
systems, energy harvesting, and communication devices. Design tradeoffs, simula-
tion, and measured results of compact efficient sensors for communication, energy
harvesting, IoT, and healthcare systems are discussed in this chapter. The new sensors
are green sensors with an energy harvesting unit. The sensor electrical parameters
near the human body were evaluated by employing RF CAD software. The sensors are
flexible passive and active devices with high efficiency and low cost. Low-cost sensor
may be developed by printing the printed antenna with the antenna feed network and
the active components on the same board. Efficient metamaterial sensors were devel-
oped to improve the system electrical performance. The resonant frequency range of
the sensors, with Circular Split-Ring Resonators CSRRs, is lower by 5% to 11% than
the sensors with CSRRs. The directivity and gain of the sensors with CSRRs are higher
by 2.5dB than the sensors without CSRRs. For S11 lower than –6 dB, the bandwidth of
the novel metamaterial sensors may be around 15 to 55%. The directivity and gain of
the new metamaterial sensors are around 5 dBi to 7.5 dBi. The receiving active sensor
gain is 12 � 3 dB. The transmitting active sensor gain is 13 � 3 dB.

Keywords: wearable devices, wearable resonators, healthcare applications, IoT,
metamaterial resonators, active antennas, communication, RF energy harvesting,
self-powered devices

1. Introduction

Compact resonators and antennas are presented in [1–6]. The efficiency of com-
pact resonators is low. Several types of compact wearable antennas, such as printed
dipoles and microstrip antennas, are presented in [2–6]. Printed metamaterial sensors
are employed in wireless communication systems and were presented in several
publications, see [2–7]. Materials with periodic artificial structures are called
metamaterials. The metamaterial structure and components define the electrical
properties of the material. In [8–14] metallic posts structures and periodic split-ring
resonators (SRRs) are used to produce structures with required permeability and
dielectric constant. Metamaterials may be employed to develop efficient sensors for
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RF, medical and IoT wearable devices [12–16]. The bandwidth and gain of the antenna
presented in [8] are like those of patch antennas. Materials with negative dielectric
permittivity are described in [9]. A model and setup to compute and measure the
polarity of SRRs are described in [10]. A dual-band transmission-line metamaterial
antenna with two transmission-line arms is described in [14]. The radiation efficiency
of the antenna at 3.3 GHz is around 60% with 2.6 dBi directivity, and 0.8 dBi gain.
Antennas such as patches, loops, and FIPA antennas have low efficiency [2–5, 16–29].
In communication and healthcare systems, the system polarization may be vertical,
horizontal, or elliptical. In these systems, the radiating elements must be circular or
dual-polarized. In [15–17] compact metamaterials sensors for healthcare devices are
presented. Measurements of wearable sensors are presented in [19]. Active antennas
for communication, medical, and IoT devices are presented in [20]. As presented in
[30] Wearable healthcare devices are used to increase disease cure and prevention. A
wireless device with thermal-aware protocol is presented in [30]. Wearable sensors
and antennas for healthcare and RF systems are presented in [31–41]. Dual-polarized
wearable antennas for healthcare applications are presented in [41]. Dual polarized
metamaterial antennas have significant advantages over regular printed antennas,
such as high efficiency and gain. The sensors electrical parameters on and near the
human body were evaluated, see [2–6], by employing RF CAD software [42, 43].

In this chapter, metamaterials technology is used to develop high-efficiency sen-
sors and antennas with harvesting energy units for medical, communication, and IoT
devices. The energy harvesting units connected to the system provide compact self-
powered efficient sensors.

The antennas bandwidth is around 20 to 45%, for VSWR, better than 3:1. The gain
of the antennas with CSRRs is around 7.5 dB. The sensors efficiency is higher than
90%.

2. Wearable technologies and devices

Wearable systems and devices will be in the next following years, an important
part of individuals’ daily lives. Wearable healthcare systems may measure and record
several medical parameters such as heartbeat rate, blood pressure, sweat rate, arterial
blood pressure, body temperature, electrocardiograms, and electro-dermal activity.
Wearable devices may provide monitoring and scanning features that are not pro-
vided by cellular phones and other computing devices. Wireless devices and technol-
ogies are employed to analyze and process the data collected by the healthcare devices.
The collected medical information may be transmitted to the healthcare center to
analyze the collected medical information. This process may send a message to the
physician to call the patient that needs immediate medical treatment.

2.1 Features of wearable healthcare and sport devices

• Healthcare wearable systems monitor healthcare centers daily activities.

• Wearable systems monitor and operate companies’ daily activities and systems.

• Healthcare wearable systems assist and help patients such as Asthma patients,
Diabetes patients, Alzheimer’s disease patients and Epilepsy patients.
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• Healthcare wearable systems and devices may help to solve Obesity problems,
Sleep disorders, and cardiovascular diseases.

Wearable healthcare systems may measure and record several medical
parameters such as heartbeat rate, blood pressure, sweat rate, arterial blood pressure,
body temperature, electrocardiograms, and electro-dermal activity. The application of
WBANs in medical centers with energy harvesting units, where the medical parame-
ters of a large number of patients are constantly being monitored, is presented in
Figure 1.

2.2 IoT systems

IoT devices are wireless communication modules of interrelated computing sys-
tems, mechanical machines, personal devices, healthcare sensors, and digital
machines that possess unique identifiers (UIDs). IoT devices and systems consist of
wireless communication modules, processors, sensors, and radiating elements. IoT
devices and systems transmit, receive, and process data from networks connected to
the Internet web. IoT devices and systems are connected to an IoT gateway network
where they gather data that is analyzed online or sent to information centers to be
processed and shared with specific IoT modules and devices. The polarization of the
receiving channel of IoT and medical devices should match the polarization of the
transmitting channel. In several communication devices, the polarization is not
defined. In these cases, the receiving antenna should be dual-polarized. IoT systems

Figure 1.
Green wireless body area network, WWBAN, health monitoring sensors and system with energy harvesting units.
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are significant in daily work and treatment in healthcare centers. IoT modules and
systems may connect several healthcare devices and healthcare information centers to
improve healthcare treatment. Efficient medical and IoT systems result in low-cost
healthcare treatment.

• Efficient medical and IoT systems and devices are used to automate healthcare
systems and procedures, to minimize organization and healthcare centers
facilities and to lower labor costs.

• IoT systems may transmit data through a communication system without the
need of human to computer interaction or human-to-human involvement.

• IoT systems can provide complete control over daily tasks and services in
healthcare centers and organizations. IoT systems improve people’s daily life and
help companies to function more efficiently and smarter.

A block diagram of IoT medical device is presented in Figure 2.

IOT Devices and Systems Major Disadvantages-

• In several IoT devices and systems modules and information are shared between
several machines and devices. This fact increases the threat that hackers can steal
confidential data and corrupt devices connected to this IoT system.

• A bug in the IoT devices and system may corrupt devices and modules connected
to this IoT system.

Figure 2.
IoT medical system block diagram.
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2.3 Wireless communication devices and cellular phones features

The first generation of cellular phones began in the 1980s and used 1G technology.
1G technology of mobile phones uses analog radio systems. In the last decade, commu-
nication technology was improved rapidly and is employed in modern mobile phones.
Table 1 presents the improvement of mobile phone communication technologies.

5G Technology Main features

• High data transmission speed and high capacity.

• Connected and supportable to Wireless World Wide Web.

• Large broadcasting of data in Gbps.

• Observe TV programs with HD Clarity and read newspapers.

• Improved information transmission than that of 4G Generation.

• Better phone memory, improved dialing speed, improved clarity in audio and
video features.

• 5G technology provides high resolution to cellular phone users and large
bandwidth sharing.

3. Compact wearable dual polarized antenna for IoT and medical
applications

The antenna with CSRR and metallic strips is presented in Figure 3a. The printed
dipole matching network and the metallic strips are etched on the first layer with
thickness of 0.16 cm. The radiating element with CSRR is printed on the second layer
with thickness of 0.16 cm. The size of the antenna network with the energy harvesting
module is 21.5�4.5 cm. The printed slot antenna is vertically polarized. The printed

Technology 1G 2G 3G 4G 5G

Data Speed 2.4 kbps 64 Kbps 3 Mbps 1Gbps 20 Gbps

Electronic
Technology

Analog Digital Audio and
video

Wi-Fi Wi-Fi,
wireless

Battery life Few hours Longer life cycle Longer life
cycle

Better life
cycle

Power
savings

Dimensions Big and
large

Smaller Size reduction Compact Compact

Security Low
security

call and text
encryption

Improved
security

High security High security

Capacity Limited Improved Large Large High
capacity

Table 1.
Comparison of cellular phone technologies.
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dipole is horizontally polarized. The resonant frequency of the dipole with CSRR is
around 0.33GHz, which is lower by 15% than the resonant frequency of the printed
dipole without CSRR. Many communications, IoT and healthcare systems operate in
the frequency range between 0.1 and 0.55 GHz. The computed S11 and antenna gain
are shown in Figure 4. The measured antenna bandwidth is around 45% for S11 lower

Figure 3.
(a). Antenna with CSRR and with energy harvesting unit, (b). optimized sensor with CSSR and metallic strips.

Figure 4.
Gain and S11 of the dual-polarized antenna with metallic strips and CSRR.
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than -6 dB. The dipole and the slot radiate in the z axis direction. The measured
directivity and gain of the antenna with CSRR are around 5.5 dBi, as presented in
Figure 5. The feed network of the antenna in Figure 3a was optimized, see Figure 3b,
to yield S11 lower than -6 dB in the frequency range from 0.18 to 0.4 GHz, around
60% bandwidth, as presented in Figure 6. The dimensions of the antennas presented
in this chapter are given in Table 2.

Figure 5.
Radiation pattern and gain of the antenna with metallic strips and CSRR.

Figure 6.
S11 of the optimized dual-polarized antenna with metallic strips and CSRR on human body.

Antenna Frequency
(GHz)

BW
%

Computed
Gain dBi

Measured
Gain dBi

Dimension
(cm)

Efficiency
%

Printed dipole with CSRR [2] 0.35 10 5.5 5.7 19.8�4.5 95

Dipole no CSRR [2] 0.4 10 2.5 2.5 21�4.5 90

Printed Loop 0.4–0.5 2 0 0 5 Diameter Low

Active receiving loop 0.35–0.58 40 23 � 2.5 22 � 3 7 Diameter 50

Active transmitting loop 0.36–0.6 45 13 � 3 12 � 3 7 Diameter 50
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The sensors electrical parameters, presented in this chapter, on and near the human
body were evaluated, see [2–7], by employing RF CAD software [42, 43]. The theoret-
ical and equations used to design the sensors presented in this chapter are given in
previous publications, see [2–7]. The energy harvesting module is connected to the
antenna network feed line, as presented in Figure 3. The energy harvesting module can
charge the battery when the switch is connected to the harvesting unit. Electromagnetic
AC power is converted to DC power by employing a rectifying diode. The rectifier may
be a half-wave rectifier or a full-wave rectifier. As shown in Figure 3, the harvesting
module has an antenna, a rectifying circuit, and may recharge the device battery.

4. Wearable self-powered active sensor

A receiving self-powered active sensor is presented in Figure 7. The energy
harvesting module acts as a dual-mode electromagnetic harvesting module. A switch
may connect the LNA to the energy harvesting module. The energy harvesting module
charges the battery. The Low Noise Amplifier is matched to the receiving antenna via
a matching network. The LNA TAV541 is a linear PHMET amplifier. At 2 GHz, the
amplifier has 0.45 dB Noise Figure and 18.5 dB gain. The LNA P1dB, at 2 GHz, is
19 dBm at the output port. The LNA specifications are listed in Table 3. A DC bias
network supplies the required voltages to the amplifiers. The Low Noise Amplifier is
matched to the receiver via an output-matching network. The sensor dimensions are
around 21.5�5�1.9 cm. Gain and reflection coefficient of the metamaterial sensor is
presented in Figure 8. The receiving active sensor gain as presented in Figure 9 is
12 � 3 dB, and the noise figure is better than 1 dB, for frequencies from 0.1GHz to
1GHz. The active metamaterial antenna was evaluated with Triquint LNA
TQP3M9028. The amplifier specifications are given in Table 3. The active antenna
gain with TQP3M9028 LNA is 11.1 � 2.5 dB from 0.15 to 0.9GHz, as presented in
Figure 10. The sensor noise figure, with TQP3M9028 LNA, for frequencies from
0.15GHz to 1GHz is better than 1.9 dB. The measured performance of the sensors with
different LNAs is listed in Table 4. The active antennas with LNA TAV541 has better
noise figure and higher gain. The sensor with LNA TQP3M9028 has a better 1dBc
compression point and gain flatness.

5. Wearable self-powered active transmitting antenna

A transmitting self-powered active sensor is presented in Figure 11. The energy
harvesting module acts as a dual-mode electromagnetic harvesting module.

Antenna Frequency
(GHz)

BW
%

Computed
Gain dBi

Measured
Gain dBi

Dimension
(cm)

Efficiency
%

Stacked circular patch without
CSRR [15]

2.7 8 5.5 5.3 4.8
Diameters

90

Circular patch with CSRR [15] 2.63 8 7.5 7.8 3.6
Diameters

85

Circular patch without CSRR
[1, 2]

2.63 1.5 4.5 4.3 4.8
Diameters

85

Table 2.
Electrical performance comparison between wearable antennas without and with CSRR.
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Figure 7.
Dual polarized receiving sensor with CSRR and with energy harvesting unit.

Figure 8.
S11 and gain of the dual-polarized antenna with CSRR and matching network.

27

Green Wearable Sensors for Medical, Energy Harvesting, Communication, and IoT Systems
DOI: http://dx.doi.org/10.5772/intechopen.112352



Specification TAV541, Mini Circuit TQP3M9028, Triquint

Frequency, GHz 0.4–3 0.05–4

Gain at 2 GHz 18.5 dB 14.5 dB

N.F at 2GHz 0.45 dB 18 dB

P1dB at 2GHz 18.5 dBm 20.5 dBm

OIP3 at 2GHz 32 dBm 35 dBm

Operating Temp.°C �40 – 80 �40 – 80

Max. Input power 17 dBm 17 dBm

Vgs, Volt 0.4 0.4

Vds 3 V, Ids = 60 mA 5 V, Ids = 85 mA

Supply voltage, V �5 �5

Package type Surface Mount Surface Mount

Table 3.
Comparison of the specification of the S-band low noise amplifiers.

Figure 9.
Active receiving dual polarized receiving sensor gain, with LNA.

Figure 10.
Active receiving dual polarized receiving sensor gain, with TQP3M9028 LNA.
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The harvesting module can be part of a healthcare, IOT, and cellular phone. A switch
may connect the transmitter battery to the energy harvesting module. The energy
harvesting module charges the battery. Two power amplifiers were used to develop
the metamaterial active sensor. The first amplifier is an MMIC GaAs MESFET VNA25,
the second amplifier is an MMIC GaAs PHEMT HMC459. The amplifier specification
is listed in Table 5. A DC bias network supplies the required voltages to the amplifiers.
The sensor dimensions are around 21.5�5�1.9 cm. The active transmitting sensor

Parameter Sensor with TAV541 Sensor with TQP3M9028

Frequency 0.1–1 GHz 0.15–0.9 GHz

VSWR 3:1 3:1

Gain 11 � 2.5 dB 12 � 3 dB

N.F at 1GHz 1 dB 2 dB

P1dB at 1GHz 19.0 dBm 20 dBm

Max Input power 17 dBm 17 dBm

Vgs, Volt 0.5 0.5

Vds 3 V, Ids = 55 mA 5 V, Ids = 80 mA

Dimensions 21.5�5�1.9 cm 21.5�5�1.9 cm

Table 4.
Comparison of the sensors measured performance with different LNA Amplifiers.

Figure 11.
Dual polarized transmitting sensor with CSRR and with energy harvesting unit.
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VSWR, computed and measured, is better than 3:1 for frequencies from 0.25 to
0.45GHz. The computed and measured antenna gain are around 5.8 dBi, as presented
in Figure 12. The active computed and measured antenna gain with HPA VNA25 is
13 � 3 dB 1 for frequencies from 0.1 to 0.8 GHz. The transmitting sensor S21 param-
eter is shown in Figure 13. The active computed and measured antenna gain with the
HMC459 HPA is 12 � 4 dB for frequencies from 0.1 to 1 GHz, as shown in Figure 14.
The transmitting sensor output power is around 19.5 dBm. The measured electrical
performance of the sensors with the HPAs is listed in Table 6. The active antenna
with VNA25 HPA has better gain flatness, higher gain, and lower DC power con-
sumption. The transmitting antenna with HMC459 HPA has higher input and output
power, and higher 1 dBC compression point. The HPA HMC459 has wider bandwidth
from 1 to 18GHz. Photos of the metamaterial sensors, with CSSR and metallic strips,
are shown in Figure 15.

Specification VNA25, Mini Circuit HMC459, Triquint

Frequency GHz 0.4–2.5 DC–18

Gain dB at 1.8 GHz 17.5 16.5

N.F at 1.8 GHz 5.0 dB 3.8 dB

P1dB at 1.8 GHz 18.5 dBm 24 dBm

Max Input power 10 dBm 16 dBm

OIP3 at 1.8 GHz 28 dBm 29 dBm

Vgs, V 0.5 0.5

Vds 5 V, Ids = 85 mA 8 V, Ids = 290 mA

Supply voltage, V �5 �8

Package Surface Mount Surface Mount

Temp. Range °C �40 – 80 �40 – 80

Table 5.
Electrical Specification of the HPA Amplifiers.

Figure 12.
Radiation pattern and gain of the dual-polarized antenna with metallic strips and CSRR.
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Figure 13.
Active transmitting dual polarized sensor gain, with HPA VNA25.

Figure 14.
Active transmitting dual polarized sensor gain, with HPA HMC459.

Parameter Sensor with VNA25 Sensor with HMC459

Frequency 0.1–1GHz 0.15–0.9 GHz

VSWR 3:1 3:1

Gain 13 � 3 dB 12 � 4 dB

N.F at 1 GHz 6 dB 5 dB

P1dB at 1 GHz 19.0 dBm 24 dBm

Max Input power 10 dBm 16 dBm

Vgs 0.50 V 0.50 V

Vds 5 V, Ids = 85 mA 8 V, Ids = 290 mA

Dimensions 21�6�2cm 21�6�2cm

Table 6.
Comparison of the sensors performance with different HPA amplifiers.
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6. Wearable metamaterial antennas for communication, healthcare, and
IoT systems

The antenna’s electrical parameters performance near the human body were com-
puted by employing the antenna and human body model presented in Figure 16a. The
dielectric constant and conductivity of human body tissues are given in Table 7
[21, 22]. The effect of the antenna location on the human body is simulated by
evaluating the antenna’s electrical parameters on human body. The variation of the

Figure 15.
Photos of the metamaterial antenna. a. Feed layer b. antenna with CSSRs c. CSSR.
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dielectric constant of the body tissues affects the electrical performance of the
antenna. The antenna resonant frequency may be shifted up to 10% at different
locations of the antenna on the patient’s body. As shown in Table 7, the dielectric
constant of fat tissues is 4.7, 41 in the skin tissues, 43 in the stomach area, and up to
128.1 in the small intestine tissues. The antennas may be placed inside a belt, as shown
in Figure 16b. The antenna’s electrical characteristics were computed and measured
for air spacing between the sensors and human body up to 25 mm at different
locations on the human body. Measurements of wearable sensors and antennas are
done by using a phantom with sugar, salt, and water that represent the dielectric
constant and conductivity of human body tissues [2–5, 19]. The antenna’s electrical
and mechanical characteristics were optimized to achieve the best antenna electrical
and mechanical performance. Wearable antennas and sensors measurements and
setup are discussed in [2–5, 19].

Figure 16.
(a) Model of wearable antenna environment; (b) wearable medical system on human body.
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Table 2 presents a comparison between computed and measured results of sensors
without and with CSRR. Table 8 presents a comparison of computed and measured
results of compact wearable antennas.

Tables 2 and 8 verify that there is a good match between computed and measured
results. Electrical performance of several passive and active antennas (such as dipoles,
loop, slot and other antennas) is discussed in [2–6]. Medical, wearable wireless BAN,
IoT, and monitoring systems with wearable BAN systems are shown in Figure 17.
Hospitals, Health care centers and medical staff can be contacted from everywhere at
any given time.

Tissue Parameter 440 MHz 600 MHz 1 GHz 1.25 GHz

Fat tissues σ 0.047 0.05 0.054 0.06

ε 5.00 5.00 4.72 4.55

Stomach tissues σ 0.71 0.75 0.96 0.98

ε 42.7 41.40 39.66 39.00

Blood σ 1.76 1.78 1.91 1.99

ε 57.2 56.5 55.40 55.00

Skin σ 0.58 0.6 0.63 0.77

ε 41.6 40.45 40.25 39.65

Lung tissues σ 0.27 0.27 0.27 0.28

ε 38.4 38.4 38.4 38.4

Kidney tissues σ 0.90 0.90 0.90 0.91

ε 117.45 117.45 117.45 117.45

Colon tissues σ 1.00 1.05 1.30 1.45

ε 63.5 61.9 60.00 59.40

Small intestine σ 1.74 1.74 1.74 1.74

ε 128.1 128.1 128.1 128.1

Table 7.
Electrical parameters of human body tissues [16, 17].

Input Power dBm Efficiency % Remarks

�4��6 8–12 Low Efficiency

�3��2 28–32 Low Efficiency

�1 � +1 48–52 Good Efficiency

2–3 52–56 Good Efficiency

4–5 52–56 Good Efficiency

6–8 56–58 Good Efficiency

9–11 60–65 Best Efficiency

Table 8.
Measured harvester efficiency as function of input collected power.
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7. Electromagnetic energy harvesting concept

As presented in Figure 3, the energy harvesting unit consists of an antenna,
rectifying diode and circuit, and a rechargeable battery. The energy harvesting unit
and the radiating element provide a self-powered device. The rectifier diode converts
electromagnetic energy, AC energy, to direct current (DC energy). Two types of
diode rectifiers are usually used a half-wave rectifier or a full-wave rectifier [44–47].
A half-wave rectifier is presented in Figure 18. A half-wave rectifier converts only the
half cycle of the positive voltage. It allows harvesting only one-half of the electro-
magnetic wave. The efficiency of the half-wave rectifier is around 41%. A full-wave
bridge rectifier is shown in Figure 19. The bridge full-wave diode rectifier circuit
converts electromagnetic energy to DC energy. The bridge rectifier consists of four
diodes D1 through D4, as shown in Figure 19. The rectifier output DC voltage,
VODC ¼ 2Vm=π. By connecting a capacitor in shunt to the resistor, as shown in
Figure 19, the rectifier output voltage may be improved. The full-wave rectifier

Figure 17.
Green medical, WWBAN, and IoT monitoring system with WBAN networks with energy harvesting units.

Figure 18.
Diode voltage rectifier with a capacitor, half wave.
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efficiency is around 81%. Electromagnetic power amount in public centers, stadiums,
hospitals, and malls may range from 1 μW/cm2 to 5 mW/cm2. The harvesting system
efficiency increases as function of the electromagnetic power collected by the
harvesting system, as listed in Table 8. The amplifier amplifies the input power
collected by the energy harvesting system and improves the efficiency of the
harvesting system. Results listed in Table 8 are also presented by companies that
manufacture commercial RF energy harvesting systems, see [2–7, 44–47]. If the RF
radiating sources are close to the harvesting system, the RF power collected by the
harvester will be higher.

Energy harvesting units provide green renewable energy and may eliminate the
usage of power cords and the need to replace batteries frequently. Wearable medical
devices with energy harvesting modules for wireless communication, IoT, and medi-
cal applications are presented in Figure 20. As presented in Figure 20, the medical
device and harvesting module with a compact battery charger are located on the
patient’s shirt.

In 2022 almost everyone uses cellular phones, communication networks, tablets,
and other RF communication systems. There is a huge increase in the amount of RF
energy in the air. The expected amount of radio waves in the air in 2022 was around
60 Exa-bytes, EB, per month. The expected amount of RF energy in the air in 2025 is

Figure 19.
Diode bridge voltage rectifier with a capacitor, full wave.

Figure 20.
Wearable RF system with energy harvesting unit for IoT, 5G, and healthcare systems.
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expected to be around 170 Exa-bytes per month. In RF energy harvesting modules, the
radio frequency waves propagating in air can be received by the antennas and
converted to DC power that is employed to charge batteries, sensors, and other
wearable devices.

8. Conclusions

The active and passive sensors and metamaterials antennas presented in this chap-
ter are wideband, efficient, compact, and low-cost. RF energy harvesting modules are
connected to the antennas and sensors. Electromagnetic waves propagating in the air
can be collected by the antennas and converted to DC power that may recharge the
healthcare, computing system batteries, wearable sensors, and other RF modules.
Evaluation of efficient active and passive wearable antennas and sensors is one of the
most significant goals in the evaluation of wearable healthcare devices, medical sen-
sors, IoT, wireless communication and medical systems. Passive and active
metamaterial compact antennas and sensors characteristics such as gain, matching,
noise figure, efficiency, bandwidth, and radiation pattern are presented in this chap-
ter. The directivity and gain of the sensors with CSRRs are higher by 2.5 dB than the
sensors without CSRRs. For S11 lower than -6 dB the bandwidth of the novel
metamaterial sensors may be around 15 to 55%. The directivity and gain of the new
metamaterial passive sensors are around 5 to 7.5 dBi. The receiving active sensor gain
is 12 � 3 dB. The transmitting active sensor gain is 13 � 3 dB.

The metamaterial antennas and sensors discussed in this research may be used in
wireless communication devices, computing networks, IoT devices, sport, and medi-
cal applications. Metamaterial technology is employed to design compact, efficient
antennas and sensors. The receiving dual-polarized antenna network with the energy
harvesting module, size is 21.5�4.5 cm. The printed slot antenna is vertically polar-
ized. The printed dipole is horizontally polarized. The resonant frequency of the
dipole with CSRR is around 0.33 GHz, which is lower by 15% than the resonant
frequency of the printed dipole without CSRR. The measured antenna bandwidth is
around 45% for S11 lower than -6 dB. The measured directivity and gain of the
antenna with CSRR are around 5.5 dBi. The S11 of the optimized receiving
metamaterial antenna is lower than -6 dB in the frequency range from 0.18 to
0.4 GHz, around 60% bandwidth. The receiving active sensor gain with TAV541 LNA
is 12 � 3 dB, and the noise figure is better than 1 dB, for frequencies from 0.1 to 1GHz.

The active computed and measured transmitting antenna gain with HPA VNA25,
is 13 � 3 dB 1 for frequencies from 0.1 to 0.8 GHz. The transmitting sensor output
power is around 19.5 dBm.

Electromagnetic power amount in public centers, stadiums, hospitals, and malls
may range from 1 μW/cm2 to 5 mW/cm2. The harvesting system efficiency increases
as function of the RF power collected by the harvesting system. The efficiency of the
harvesting system is around 50% for 0 dBm input power. However, the efficiency of
the harvesting system is around 60% for 10 dBm input power.

The antennas and sensors presented in this chapter may be used in medical devices
that improve the daily health of patients. Wearable antennas and healthcare devices
are an important choice for healthcare organizations, hospitals, and patients. The
wearable sensors presented in this chapter support the development of personal
healthcare systems with online immediate medical staff responses to treat and
improve patients’ health.
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Chapter 3

Variable Renewable Energy: How
the Energy Markets Rules Could
Improve Electrical System
Reliability
Daniel Llarens, Laura Souilla, Santiago A. Masiriz
and Gastón R. Lestard

Abstract

In the last 10 years, significant changes have been observed in the operation of
electrical systems resulting from the increasing incorporation of Variable Renewable
Energy (NCRE—Solar PV, WIND) characterized by strong volatility in its energy
production, due to climatic effects, which affect the reliability in the operation of the
electrical system. These technologies also show a significant reduction in their capital
costs, which are currently competitive compared to conventional alternatives for
energy production, with the advantage of contributing to reducing the production of
greenhouse gases. Therefore, increasing reliability operational problems are expected
in the future, which must be resolved to supply the demand safely and at minimum
cost. LATAM’s countries are making slow progress in updating their regulatory
frameworks for the electricity sector to include changes that improve the integration
of NCRE generation without reducing the quality of service. This document describes
possible regulatory changes that could be implemented to promote a system safe
operation including (a) intra-hours marginal costs, (b) day-ahead/intraday energy
markets, (c) incentives to better forecast the NCRE generation production profile, (d)
participation of NCRE generation in the capacity market, and (e) including BESS as
ancillary service for frequency/ramp power control.

Keywords: electricity markets, reserves, economic signals, marginal costs, reliability,
firm capacity, ancillary services, distribution rates

1. Introduction

In the LATAM’s countries, mainly during the 1990s, wholesale electricity markets
were created as a means to ensure that the restructuring process of the electricity
sector leads to private participation in the efficient development of the sector. The
legislation and regulation of the markets establish economic signals for investment
and operation decisions given by energy prices that seek to reflect the marginal cost of
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the system and other economical signals to promote the efficient expansion of the
generation fleet.

The regulatory framework of each market (law and other regulations) establishes
the objectives, criteria, and general rules that define the framework in which the
market must be developed and the types of agents that can participate commercially.
Likewise, they define the tariff criteria and update methodologies that result in the
tariffs that are applied to energy transactions and transmission charges.

Generators have free access to the transmission network and thus to the spot
market where they sell their energy production at prices that arise from competition
for dispatch based on the variable production cost of each power plant. Market prices
represent the short-run marginal cost of the market.

Within this conceptual framework, LATAM’s electricity markets have shown great
dynamism since their inception with strong private participation during the privati-
zation processes of state-owned companies and in new generation investment pro-
jects.

The generation of electrical energy in these markets was traditionally carried out
based on conventional generation (thermal, hydraulic, geothermal, and nuclear)
characterized by production patterns known in advance, as a result of which the
reliability of the electrical supply was high, and the events that affected the quality of
electrical service limited to the unavailability of some generator/element of the trans-
mission system due to forced unavailability resulting from an unanticipated failure.

In the last 10 years, significant changes have been observed in the operation of
these electrical systems resulting from the increasing incorporation of
nonconventional renewable generation NCRE (mainly solar PV and WIND) charac-
terized by strong volatility in its energy production, due to climatic effects, which
affect the reliability in the operation of the electrical system [1–5].

These technologies also show a significant reduction in their capital costs [6],
which are currently competitive compared to conventional alternatives for energy
production, with the advantage of contributing to reducing the production of green-
house gases.

The electricity production based on NCRE is currently a key element in the energy
transition that the electricity sectors must endure, in the following decades, toward an
operation with low greenhouse gas emissions.

However, the penetration of NCRE technologies, given precisely their variability,
can alter the functioning of the electricity markets. The particular characteristics of
NCRE, considered non-manageable, produce technical-economic impacts on the
operation of the system.

This situation, which should not prevent the development of these technologies to
take advantage of their advantages, however, requires the introduction of reforms in
the functioning of the market to efficiently assimilate the high levels of NCRE pene-
tration that are forecast for the near future.

As NCRE penetration levels grow, many electricity sectors around the world are
already facing new challenges and respective reforms are taking place to improve the
integration of these technologies into the market.

Although the impact of renewable technologies varies according to the character-
istics of the system and the regulatory environment, the main problems that arise are
similar.

In recent years, a significant reduction in the cost of storage media, mainly batte-
ries (BESS), has also been observed. The storage facilities could contribute to mitigat-
ing the volatility of the production of renewables by providing quickly managed
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reserves. The reduction in the development costs of BESS also makes it possible to
anticipate their rapid growth, helping to mitigate the operational problems of the
electrical system.

In systems with variable renewable generation, the system reserves must compensate
for random variations in demand and generation. The demand has daily cycles. Variable
renewable generators add variation patterns to their production. Tracking variability
may require more operational flexibility and more frequent dispatch adjustments.

In the particular case of LATAM’s countries, given the growing participation of
NCRE generation, restrictions have been introduced that tend to limit the participa-
tion of this type of technology in the market as a way of guaranteeing security in the
supply of demand.

Some countries are making slow progress in updating their regulatory frameworks
for the electricity sector to include changes that improve the integration of NCRE
generation without reducing the quality of service.

This document describes possible regulatory changes that could be implemented to
promote a system safe operation at minimum cost with high penetration of ERNC
generation. It includes (a) intra-hours marginal costs, (b) day-ahead/intraday energy
markets, (c) incentives to better forecast the NCRE generation production profile, (d)
participation of NCRE generation in the capacity market, and (e) including BESS as an
ancillary service for frequency/ramp power control.

The document is organized into three sections, which are as follows:
Section #1: Presents a general description of the operation of the LATAMs elec-

tricity markets. It includes how the generation fleet is dispatched and how is deter-
mined the marginal cost of energy, the composition of the generation fleet, and the
growth of ERNC generation.

Section #2: Presents some observed operational problems that affect the security
of supply resulting from the volatility in the production of wind and solar generation.

Section #3: Describe market rules that could mitigate the adverse effects of inter-
mittent generation, favoring its participation in the electricity markets without
affecting the reliability of the electrical system. It includes: (a) intra-hours marginal
costs, (b) day-ahead/intraday energy markets, (c) optimization of system reserves,
(d) incentives to better forecast the NCRE generation production profile, (e) partici-
pation of NCRE generation in the capacity market, (f) including BESS as an ancillary
service for frequency/ramp power control, and (g) demand participation for increas-
ing the system reserves.

2. LATAM’s market operation

2.1 Generation dispatch

Each of LATAM’s electricity markets has particular characteristics concerning the
mechanism used to perform the generation dispatch. Even so, there are common
criteria that are summarized below.

The generation fleet is dispatched based on the variable production cost (VPC) of
each generator. The VPC is equal to the sum of variable fuel cost plus O&M cost.

VPC
USD
MWh

� �
¼ Eficiency� Fuel CostþO&M (1)
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The generator with the lowest VPC is dispatched first (typically renewable gener-
ators (hydro, solar, and wind) followed by clean thermal generation (geothermal,
efficient cogeneration, and nuclear) and lastly conventional thermal generation based
on coal, natural gas, and liquid fuels (fuel oil and diesel). The generation dispatch
order is called LIST OF MERIT.

The LIST OF MERIT may be changed due to technical requirements associated
with the security of supply (reliability constraints).

Figure 1 shows (on the right) a simple example of building the LIST OF MERIT
following the criteria indicated above. Each rectangle represents one particular power
plant. The height is the available power of the plant, and the width is 1 hour, so the
rectangle area represents the available energy of the power plant in each hour.

The generators with the lowest VPC, typically renewables (in green) are located
first followed by hydro generation (in blue), and lastly, the thermal generators (T1–T5
in brown) that are ordered by their variable production costs (VPC) the cheapest first.

Figure 1 shows (on the left) the hourly demand of the system. Typically, the
demand is minimum in the early morning hours and maximum in the afternoon/night
hours.

The demand for 1 hour in particular (hour 23, red dot) is supplied by the genera-
tors with the lower VPC of the LIST OF MERIT: renewable generation plus hydro
generation and thermal power plants T1, T2, T3, and partially T4. The T5 generator is
not dispatched because it is the one with the highest VPC.

When demand is reduced, the dispatch of thermal generation is reduced. In the
figure, at hour 7, only generators T1 and T2 (partial) are dispatched.

The marginal cost of generation in each hour is equal to the VPC of the generator
with the highest VPC that is dispatched according to the aforementioned methodol-
ogy. In the example, the marginal cost at hour 23 is equal to the VPC of generator G4,
and the marginal cost at hour 7 is equal to the CVP of generator G2.

Therefore, the marginal costs are higher when the demand is higher (and therefore
the lower the reserve margin), resulting in the marginal cost being an economic signal
that promotes the availability of generation as a way of achieving maximum profit-
ability of the generation business.

Figure 2 shows a typical generation dispatch by type. The figure shows the gener-
ation dispatch for each hour, for a typical day of each month (12 � 24 matrix) in the
Mexican Electricity Market (MX).

Figure 1.
Generation dispatch methodology (LIST OF MERIT).
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Hydro generation is maximum at night, which compensates for the zero solar
generation in those hours. Thermal generators with the lowest VPC are dispatched as
baseload (typically geothermal, nuclear, combine cycle running with natural gas and
coal thermal plants). High expensive thermal plants (conventional thermal running
with liquid fuels) are dispatched last, as peaking units.

Generation dispatch includes the system support resources (RSS).1 They are gen-
erators that are dispatched to maintain the reliability of the power system.

2.2 Addition of new generation capacity

In the LATAM’s electricity markets, the expansion of the generation fleet that
arises from the initiative of private investors is mainly based on natural gas combined
cycle type thermal plants (distributed by networks or LNG type) and WIND and
SOLAR PV renewable plants.

The main reason for the development of those kinds of projects is because their
development cost (CAPEX + OPEX) is minimal and they allow compliance with
renewable generation participation quotas imposed by governments.

As an example, Figure 3 shows the installed generation capacity in MX by type,
period 2017 to 2020. In this period, the ERNC generation increases by 9072 MW and
CCGT generation by 11,490 MW. The other technologies show minimum changes
(Table 1).

1

For example, generators required to run out-of-merit to provide security or reliability in a given area.

Figure 2.
Energy production by type. 12 � 24 matrix. Source: Own elaboration based on CENACE, MX.
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It is expected that in the coming years the aforementioned trend in the expansion
of the generation fleet in all LATAM’s countries will continue, as a result of which is to
be expected growing participation of WIND/SOLAR PV generation in the generation
mix that supplies the demand.

3. Reliability in the operation of the electrical system

The LATAM’s countries supply the demand with a mix of conventional generation
plus a growing share of NCRE generation.

From the point of view of reliability in the supply of demand, countries with a high
share of hydro generation (BRA, COL) use the energy stored in reservoirs to provide
reserves for rapid management, contributing to the system reliability even against the
high intermittence that characterizes the NCRE generation.

Figure 3.
Production of WIND/SOLAR PV generation. Source: Own elaboration based on CENACE, MX.

Table 1.
MX installed capacity by type [MW].
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On the other hand, countries with a low share of hydro generation must have
another type of quickly managed reserves to guarantee the security of supply in the
face of sudden changes in the production of NCRE generation.

Table 2 shows the participation of hydro, thermal, and renewables in the genera-
tion mix of LATAM’s countries.

The MX electrical system has a minimum participation of hydro generation in the
generation mix (9% in 2020). In this system, the reliability problems increase because
thermal generation is mainly composed of conventional thermal generation (steam
turbines) and the available gas turbines are very limited (3700 MW in 2020), so the
dispatched thermal generation cannot follow the fast variations of ERNC production.

The aforementioned characteristics of the MX electrical system, together with the
growth observed in NCRE generation, were responsible for serious reliability prob-
lems registered in two events during 2020.

1.In the week of November 8, high energy prices (LMPs) were recorded (>6000
MXN/MWh, 300 USD/MWh). They are unprecedented values in operation and
were not repeated in the remaining days of the year.

2. In the afternoon of December 28, there was strong instability in the power
system operation, which resulted in a severe blackout affecting over 10 million
people, with a load cutoff of 8696 MW (Source: CENACE6).

Figure 4 show both events. On the left, it is observed very high marginal prices
observed in the event of November 8. On the right, it is observed a sudden reduction
in the demand in the event of December 28.

1.Event of November 8. High LMPs were recorded in the week of
November 8, 2020, which are explained by a very low generation reserve, which
resulted in the need to dispatch generation units with a very high VPC. It is
observed very high marginal cost (LMPs) in hours with minimum wind and solar
production.

2.Event of December 28. On the afternoon of December 28, there was strong
instability in the operation of the system, which resulted in a significant load
cutoff (8696 MW). The instability recorded in the power system was due to low

Figure 4.
Events with high volatility in the operation of the market.
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availability of thermal generation, as a result of which, upon a fault in the
transmission system, the power system had not enough generation capacity
(reserve), which led to a frequency drop in the system with the subsequent load
loss to restore the dynamic balance of the power system. Figure 5 shows the
production of renewables during the event of instability mentioned. The figure
includes the marginal cost (local marginal prices—LMPs). During the week, it is
observed high variations in renewable production (5000 MW of solar production
and 3000 MW of wind generation) resulting in very high variations of marginal
prices that show low reserve in the system.

As a result of the aforementioned events, the Government of President Andrés
Manuel Pérez Obrador (AMLO) enacted new rules for market operation meant to
preserve the power system’s reliability, safety, and continuity. The most relevant are
as follows:

1.Include limits for the integration of NCRE into the electric system.

2.Restrictions on the dispatch of the NCRE generation (curtailment).

3.To provide Ancillary Services, the ISO is enabled to include in the generation
dispatch some proportion of mandatory generation (must-run).

4.NCRE generators must be able to control the voltage at their connection node at
all times.

5.NCRE generators do not provide firm energy to the electrical system.

Country Hydro Thermal Renewable Total (GWh)

Argentina 22% 69% 9% 134,177

Bolivia 32% 63% 5% 9212

Brazil 72% 17% 11% 557,055

Chile 27% 54% 20% 77,567

Colombia 72% 27% 1% 69,323

Costa Rica 72% 0% 28% 11,534

Ecuador 89% 9% 2% 27,301

El Salvador 37% 17% 47% 5386

Guatemala 52% 21% 27% 11,122

Honduras 25% 42% 32% 9578

Mexico 9% 78% 13% 247,415

Nicaragua 15% 29% 55% 3748

Panama 48% 40% 12% 5420

Perú 60% 35% 5% 49,187

Uruguay 34% 7% 59% 11,596

Table 2.
LATAM’s countries—generation by technology (2020).
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The new rules introduce severe restrictions to the integration of NCRE
generation in the system, resulting in higher energy prices and higher greenhouse gas
production as a result of increased production of thermal generation replacing NCRE
generation.

4. Market rules to incentive NCRE integration together with a safe system
operation

4.1 Generation dispatch programming

The determination of the hourly production of each generator that participates in
the market results from an operation programming that covers different time inter-
vals from 1 day, 1 week, and the medium/long term. This makes it possible to guar-
antee that the programming of the operation meets the objective of supplying the
demand with adequate quality service at a minimum cost within the time horizon
covered by each program [7].

In electrical systems with high participation of hydro generation in the generation
mix, the energy that is stored in the reservoirs is used to supply the demand, thus
avoiding fuel costs in the thermoelectric units. However, the availability of hydro
energy is limited by the storage capacity in the reservoirs, which also affects the
operational safety of the system.

This introduces a dependency between today’s operating decision and future oper-
ating costs, including possible costs due to insufficient generation capacity resulting in
demand cuts (non-supply energy).

If the existing hydro reserves are used in the short term to minimize thermal costs
and a severe drought occurs in the future, high-cost rationing could occur, affecting
the quality of service.

If, on the other hand, the hydro reserves are not used in the short term, through
more intense use of thermal generation, and the future hydro inflows to reservoirs are
high, water spill may occur, which represents a waste of energy and, consequently, an
increase in the operating cost of the electrical system.

The optimal use of the water stored in the reservoirs corresponds to the point that
minimizes the sum of the total costs incurred (present plus future costs). As shown in
Figure 6, the hydro production that minimizes total cost is where the derivatives of
the present cost (FCI) and future cost function (FCF), with respect to the volume of
water stored in the reservoirs, are equal with opposite signs.

Figure 5.
Hourly NCRE generation (wind, solar PV). Source: Own production based on CENACE, MX.

51

Variable Renewable Energy: How the Energy Markets Rules Could Improve Electrical System…

DOI: http://dx.doi.org/10.5772/intechopen.107062



∂ TotalCostð Þ
∂V

¼ 0 (2)

where
V [m3]: Stored volume of water in the reservoir.
Then

∂

∂V
FCI ¼ � ∂

∂V
FCF ¼ Water Value (3)

The last equation says that minimum total cost is achieved when the reservoir
reaches a level where the marginal immediate cost of using water is equal to the
marginal future cost of using water now (with a different sign).

Any of both derivatives are known as WATER VALUE [$/Hm3] and represent the
“opportunity variable cost” of the stored water.

Immediate cost function (FCI) is directly calculated as the least-cost thermal
complement to hydro energy production. The future cost function (FCF) is concep-
tually calculated through the simulation of future system operation and the calculation
of corresponding operating costs.

Due to the variability of inflows to reservoirs, which fluctuate seasonally, region-
ally, and from year to year, this simulation is carried out on a probabilistic basis, that
is, using a large number of hydrological scenarios (historical data; dry, medium, and
wet years).

SIMULATION = > FUTURE COST FUNCTION.
FUTURE COST FUNCTION = > HYDRO OPERATION POLICY FOR SHORT

TERM.
The optimization of generation resources in a hydrothermal system, such as the

ones existing in LATAM’s countries, requires the use of mathematical optimization
models that simulate the hierarchical decision-making process that must be carried
out (strategy, tactics, and operation).

Figure 6.
Hydro production optimization.

52

Advances in Green Electronics Technologies in 2023



The generation dispatch is the result of sequential processes of calculation that
divide the total problem, in time and space (multiples reservoirs), based on solvable
models in reasonable computational times, which are coupled to each other through
the conditions of the border that joins them [8].

The level of detail of the modeling, in time and space, is a compromise between the
information required, the complexity of the mathematical problem, and the compu-
tational resources available.

Thus, planning the operation of hydrothermal systems can be divided into two
major steps, which are as follows:

• Planning: Related to the simulation of the “optimal operation” in the coming
months/years. For planning, it is used an LTP model.

• Programming: Related to the programming of the “optimal operation” in the
short term (next few hours, typically on a week). For programming, it is used an
STP model.

The optimization models related to both processes are quite well-known and are
generally used in one way or another by electricity system operators around the world
[9–11].

Given the differences between the LTP and STP models, each one of them is
executed and solved independently (at different times) (Figure 7).

The short-term optimization is carried out using the boundary conditions
established by the LTP model for the TST time, which determines the end of the
period for which you want to schedule operations with the STP model, called short-
term scheduling that covers period {1, TST}; the LTP model covers the period {TST + 1,
T} that needs to be analyzed to determine the future implications of decisions made in
the present, {1, TST}.

Frontier conditions between both models can be established at least in one of the
following ways:

• Through economic variables (dual/prices): Based on the setting, the
opportunity price of the stocks at the end of period {1, TCP}, in this case, the
hydro resource (water stored); it also applies to other storable resources such as
the unused amounts of previously purchased fuel (take or pay contracts).

Figure 7.
STS and LTS models coordination.
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• Through physical variables (primal/quantities): Based on the setting, the
amounts of resources available to be used during the operating period {1, TCP}.

Then, the minimum simulation period for the long-term programming is different
for each system, according to their total water regulation capacity:

Brazil => 4 years
Chile => 4 years
Colombia => 2 years
Argentina => 1 year
Ecuador => Seasonal

4.2 Energy marginal cost

The generation economic dispatch results in the production of each power plant in
each time interval (1 hour).

In each hour, the energy marginal cost is equal to the VPC of the generator with the
highest VPC that, in each hour, is producing energy according to the results of the
economic dispatch. The energy prices in the spot market are equal to the energy
marginal cost [12].

Figure 8 show historical energy prices for MX Market (Local Marginal Prices
(LMPs) in the Day-Ahead Market (DAM)) at the Hermosillo node.

The marginal costs of energy have intraday and seasonal variations. The intraday
variations, with a time step of 1 hour, are mainly due to (i) the hourly variations of the
system demand (typically, the system demand is maximum in the evening/night
hours and minimum demand in the early morning hours), (ii) the production of solar
generation that reduces the energy prices at solar hours, and (iii) any time, by the
effect in the power balance resulting from the forced outage of a generation unit or a
transmission line.

Within the year, the average marginal costs of energy vary mainly due to the
added effect of (i) seasonal variations in demand (in MX typically the demand in the
summer months is greater than that of the winter months), (ii) due to the effect of

Figure 8.
Hourly LMPs at Hermosillo node (Y2021).
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rainfall that modifies the water inflows that reaches the reservoirs of the hydro plants,
and (iii) seasonal changes in fuel prices.

If at some moment there is not enough generation availability to supply the
demand, including the reserve margin for frequency regulation, the energy marginal
cost result equal to the cost of not-supply energy (CNSE). This results in a strong
economic signal toward improving the availability of generating units and thereby
improving the security of the system.

The growing addition of new intermittent generation capacity (wind and solar) will
produce variations in the generated power that can be significant in time intervals of
less than 1 hour. In these operating conditions, for the marginal cost of energy to
produce efficient economic signals to promote the availability of generation, it will
possibly be necessary to determine the marginal costs of generation in time intervals of
less than 1 hour [13, 14], mainly in markets with low hydro participation (like Mexico).

As a result, greater volatility is expected at energy prices in the spot market due to
variations in the marginal costs of energy resulting from the intermittency in the
production of NCRE generators.

To mitigate the risks of high prices in the spot market, supply contracts, with
freely agreed conditions between generators and consumers, are efficient commercial
instruments that allow:

• Stabilize prices (price hedging)

• Facilitate investment in generation

• As a mechanism for long-term supply guarantee

• Promote adequate generation availability

Note: In LATAM’s electricity markets, the supply contacts are financial contracts
(not physical contracts). This means that the generator supplies, each hour, the
contracted energy with its production, if it is dispatched, or by buying the contracted
energy in the spot market if it is not dispatched, so financial contracts do not modify
the economic generation dispatch.

4.3 Day-ahead markets and intraday markets

At the international level, there are several examples of wholesale energy markets
with two or more settlement instances. An example is the wholesale electricity market
of Mexico, where a day-ahead market (DAM) and a real-time market (RTM) operate.
The other LATAM’s markets are all markets that operate only in real-time.

In markets that operate only in real-time, the income of the generators in each
hour ($GEN(h)) results from valuating the energy generated (EG(h)) at the marginal
cost of the hour (CMgR(h)).

$GEN hð Þ ¼ EGR hð Þ � CMgR hð Þ (4)

In the markets that operate with two or more settlement instances, for example,
MX where there is the DAM and the RTM, the income of the generators is determined
by the following expression:

$GEN hð Þ ¼ EGA hð Þ � CMgA hð Þ
1f g

þ EGR hð Þ � EGA hð Þ½ �
2f g

� CMgR hð Þ (5)
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In this case, the income of the generators has two terms, which are as follows:

• The term {1} corresponds to the income resulting from selling the energy
expected to be generated (EGA) at the marginal cost of the DAM (CMgA).

• The term {2} corresponds to valuing the error of the forecast generated energy
(EGR-EGA) at the marginal cost in the RTM (CMgR).

Therefore, in markets where there are at least two settlement instances (DAM and
RTM), the generators are exposed to the uncertainty of the marginal costs in the RTM
due to the difference between the expected energy to be generated (offer to the DAM)
and the energy real generated in the RTM.

This exposure generates risks that generators seek to mitigate by improving their
production forecasting tools for the following day. This helps to mitigate the adverse
effects of the volatility of the production of NCRE generators on the security of supply.
In markets with multiple intraday settlements (like European electricity markets), this
is improved due to the probable production in real-time being better known.

In summarizing, the advantages of multiple settlements are: (i) allows generators
to hedge the risks associated with real-time price volatility; (ii) reduces operating
costs by allowing the market operation to be better scheduled to meet the demands at
a minimum cost; and (iii) allows programming the operation of resources to deal with
the uncertainty of large-scale variable renewable generation.

Given the existing structural differences between the different electricity markets
(e.g., due to the generation mix that supplies the demand), the implementation of the
multiple settlements scheme requires special attention to analyze the effect that these
have on the generators’ incentives to have high-precision forecasts, the opportunities
for better coverage of risks due to price variability in the real-time market, and the
incentives to install flexible generation resources that are capable of adjusting their
dispatches at short notice. Other aspects to be evaluated are the number of settlements
that it considers in the short-term market, the products that are traded in the multiple
settlements (energy, ancillary services), and the sophistication of its matching models.

By way of background, it should be noted that markets in the United States are
typically characterized by a day-ahead market and a real-time market (i.e., two-
settlement markets), with co-optimization of energy offers and frequency reserves,
and with matching algorithms from the previous day’s market that consider unit
commissioning restrictions and their associated costs, in addition to transmission
system restrictions, based on a so-called Security Constrained Unit Commitment
(SCUC). On the other hand, wholesale markets in Europe are characterized by the
sequential acquisition of reserves and energy, where energy is traded in auctions the
day before and multiple instances of intraday auction markets or continuous bilateral
transactions [15]. In this case, the daily and intraday market instances do not consider
security restrictions and transmission corridor congestion, which are evaluated and
managed by each system operator, generating deviations in the real operation for
market matching.

4.4 Forecast of the NCRE generation production profile

To schedule the market operation, the market operator needs to forecast the
probable production of NCRE generators. NCRE generation forecasting is a rapidly
evolving field [16, 17].
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With the expected increase of NCRE generation, including generation within the
distribution networks, the problem of forecasting the production is complicated since
usually there is no information on the NCRE produced within the distribution net-
works. In these cases, the net demand of the distribution system must be forecast,
which is equal to the consumed demand minus the existing NCRE generation in each
distribution system.

To increase reliability in the operation of the market, regulatory changes should
therefore be introduced to improve the quality of information on the expected pro-
duction profile of NCRE generators. Improving the forecasts should be the combined
responsibility of the system operator and the market agents. Departures between
forecast and actual values should give rise to economic incentives to improve fore-
casts, for example, via intraday markets above described.

4.5 System reserves

The generation resources that provide flexibility to the electrical system are typi-
cally the following:

• Conventional generators (quick start thermal, hydro),

• Spin reserves (primary, secondary)/ramp,

• Load reduction,

• Energy storage systems,

• FACTS equipment as a means of controlling transmission capacity that improves
the ability to share reserves between areas of the electrical system,

• Interconnections with neighboring systems (other countries).

The development of the aforementioned technologies/schemes in the electricity
market may result from the economic signals produced by the market. When this is
not possible (lack of competition, oligopoly), regulated mechanisms (Ancillary Ser-
vices) are created to make the development of the necessary technologies economi-
cally viable to achieve a safe and minimum-cost operation of the electrical system.

The amount of reserve (i.e., for frequency regulation) required in the system results
from a trade-off between the cost of the reserve and the resulting quality of service.

The determination of the required reserve is carried out through reliability studies
[18–20] that result in reliability indices (e.g., energy not supply) associated with
insufficient generation for different values of power reserve. Based on the results, the
cost of the reserve and the cost of the quality of service are determined. The optimal
reserve is the one that allows minimizing the sum of the costs of the reserve plus the
costs of the NSE due to insufficient generation.

4.6 Optimal reserve power determination

The optimal reserve power required by the electrical system is determined through
reliability studies that allow knowing the quality of the supply of the demand based on
the reserve power in the electrical system.
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For example, the quality index could be the ratio between the NSE and the total
energy supplied, or the probability of loss of load, both due to the effect of forced
contingencies in the generation fleet. In what follows, these quality indices are identi-
fied as RE (REliability Index).

Electrical systems are composed of a large number of generating units, each with
its own technical and availability characteristics, including the availability of primary
resources in the case of renewable power plants (inflow water, wind speed, and solar
radiation levels), and where demand varies from time to time following generally
known and repetitive patterns. In these kinds of systems, and considering a very low
allowed NSE (in the range of 1 � 10�3 to 1 � 10�5 of the served energy), the system
quality index RE is typically an exponential function of reserve power (PRES)
required to control the quality of the supply. The NSE is proportional to RE index.

RE � e�k�PRES (6)

NSE ¼ k1e�k�PRES (7)

where
k, k1: Constant that results from system reliability studies.
PRES [MW]. System reserve power.
The total cost incurred in the electrical system results from the sum of the cost of

the energy not served that results in a certain quality index RE, plus the cost of
providing the reserve power that allows obtaining said quality level.

Total Cost $½ � ¼ CNSE
$

MWh

� �
�NSE MWh½ � þ CRES

$
MW

� �
� PRES MW½ � (8)

where
CNSE: Unitary cost of the NSE.
NSE: Not supply energy resulting from reliability analysis.
CRES: Unitary cost of the reserve power.
PRES: Reserve power.
In the optimum

d Total Costð Þ
dPRES

¼ 0:0 (9)

That allows to obtain the optimum value of System Reserve Power (PRESopt):

d NSEð Þ
dPRES

¼ α ¼ � CRES
CNSE

(10)

PRESopt ¼ ln kk1CNSE=CRESð Þ
k

(11)

Figure 9 shows the described optimization process. The red curve shows the
variation of the non-supply energy (NSE) as a function of the reserve power
(PRES). The higher the reserve, the lower the NSE. The optimal PRES is the one that
meets the condition that the derivative of the NSE, with respect to PRES, is equal to
alpha (α).
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4.7 The cost of non-supply energy (CNSE)

As demonstrated in the previous point, the reserve power (PRES) required by the
electrical system depends on the cost of not supply energy (CNSE), with the reserve
power being greater the higher the CNSE.

The CNSE concept includes a group of economic costs that can affect society, as a
whole, when the supply of electricity cannot be provided to the extent required by
consumers. The NSE is the amount of energy potentially demanded (presumed
energy) that cannot be supplied.

In the commodity markets, in the absence of enough supply, the price of the
product increases and the quantity demanded adjusts automatically (elasticity), first
withdrawing those consumers with lower utility or consumer surplus, which is eco-
nomically efficient, thus minimizing the reduction in societal benefit.

However, the electricity sector has certain special characteristics, due to which the
CNSE concept is used, instead of the more natural idea of balance between supply and
demand:

• Electrical energy, as cannot be stored, if there is not enough supply available in
the electrical system, and the excess demand is not interrupted, the system runs
the risk of collapsing.

• Electricity demand is very inelastic, which is why price signals maybe not be
enough to return the system to a situation of supply/demand balance.

The valuation that consumers make of the NSE, in general, needs to be estimated.
The economic costs that can affect society as a whole when electricity supply is not
enough are of various kinds. The main difficulties that arise in estimating the CNSE
are:

Figure 9.
Optimal power reserve.

59

Variable Renewable Energy: How the Energy Markets Rules Could Improve Electrical System…

DOI: http://dx.doi.org/10.5772/intechopen.107062



• The complexity of modeling the link between the not enough supply and the
impact on people’s well-being, as well as on the economic activities that are
affected, depends on the type of interruption.

• The CNSE varies depending on the existence or not of selectivity in the cuts, or
whether they affect all consumers equally or not.

• The complexity of establishing the acceptable limits of deterioration in the
quality of supply compared to the alternative of interrupting demand.

There is a wide variety of methods that can be used to calculate the CNSE. There
are two large families of approaches, which are as follows:

• Indirect methods: Aggregated data are used, for example, the relationship
between energy demand and GDP, or based on the cost of self-generation, or
through the Leisure Work Exchange Theory [21].

• Direct methods: They are based on conducting surveys or interviews with
consumers to inquire directly about the economic and noneconomic effects
linked to the interruption of electricity service.

The CNSE is significantly reduced if the interruption condition can be anticipated
by the consumer in such a way that they can take precautions in the event of a
probable supply interruption. To take this aspect into account, the CNSE is deter-
mined for short-term failures (when the failure condition is not prevented) and long-
term failures (when the failure is scheduled and known by the consumers).

4.8 Capacity balance market

The purpose of the Capacity Market is to provide an economic signal to incentiv-
ize the installation of enough generation capacity to supply demand while satisfying
defined reliability criteria [22].

If the generation fleet was designed and operated to supply the system demand at a
minimum total cost (the sum of investment costs (CAPEX) plus OPEX operating
costs), it is fulfilled that all generators cover all of their investment costs and operation
(sufficiency principle) if all generators receive as remuneration: (i) a payment for
energy ($ENE), which results from valuing their production at the Marginal Cost of
the Energy in the market, and (ii) payment for firm capacity ($POT), which results
from valuing their firm capacity at the price of capacity (PPOT) in the power balance
market.

The value of PPOT is determined in most of LATAM’s markets as the annual fixed
costs (CAPEX, fixed O&M costs) of a Turbo Gas-type power plant with an installed
capacity approximately equal to the annual growth of the maximum demand of the
system.

The payment for capacity that generators receive has a direct effect on the reli-
ability of the electrical system.

With capacity payments, generators require lower marginal rent (spark spread) to
cover their capital costs (CAPEX). So, for the same demand, lower marginal rent
results from lower market marginal costs that result from a higher generation avail-
ability and consequently lower non-supply energy (NSE) probability.
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The firm capacity of the generating units depends on their technology. For
hydroelectric plants, firm capacity is determined typically as the power generated in
the hours of maximum demand (or minimum reserve) for a very dry hydrological
condition.

For thermal power plants, firm capacity is usually equal to their average
available capacity. Large thermal power plants, compared to the supplied
demand, produce large disturbances in the operation of the electricity market
when they go out of operation due to an unscheduled event (failure). When the
power of the failed plant exceeds the reserve margin for frequency regulation, a load
cut will be necessary to balance supply/demand, a situation that could lead to a
massive load cut. In such a situation, the firm capacity of large thermal plants could
be reduced as an economic signal that shows the impact on the quality of service of
the system.

As an example, Table 3 shows the installed capacity and forced output rate (FOR)
of a fictitious generation fleet made up of 10 generating units (G#1 to G#10). One of
the generators (G#3) has an installed capacity (300 MW) equivalent to 25% of the
total installed capacity of the generation park.

Figure 10 shows the total power available for a given probability of exceedance
resulting from considering all the possible operating states (210) of the generation park
considering the operating states of each generation unit.

Generator G#1 G#2 G#3 G#4 G#5 G#6 G#7 G#8 G#9 G#10

Installed Capacity [MW] 100 150 300 50 20 80 120 200 20 180

Forced Output Rate 20% 15% 20% 30% 50% 35% 15% 10% 20% 25%

Available Capacity [MW] 80 127.5 240 35 10 52 102 180 16 135

Table 3.
Example of the generation fleet.

Figure 10.
The firm capacity of thermal plant.
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Two curves are presented, the blue curve considering the entire generation park
and the red curve WITHOUT generator G#3.

It is observed that for a probability of exceedance of 95%, generator G#3 contrib-
utes only 150 MW, while its average available power is 240 MW, so the firm capacity
of generator G#3 should be reduced to 150 MW.

Up to now, in the LATAM’s markets, there is no consensus on the firm capacity of
NCRE plants. The main reason is that it cannot be guaranteed that this type of
generator will produce energy during the hours of minimum reserve of the system,
which are typically at night hours.

In markets with a significant share of hydro generation in the generation mix that
supplies demand, such as most of the LATAM’s markets, it is observed through
reliability studies that with NCRE generation, a greater demand can be supplied
without compromising the quality of service. This is justified because the production
of NCRE generation allows a greater volume of water to be stored in the reservoirs,
which allows a greater hydro generation in hours of minimum reserve.

As an example, Figure 11 shows the evolution of a reliability index for different
levels of demand in the Peruvian market. Two curves are presented, WITH and
WITHOUT NCRE generation (installed capacity 1100 MW). It is observed that WITH
NCRE generation, demand can be increased by 750 MW without reducing the reli-
ability index, which shows that in the Peruvian system, NCRE generation effectively
contributes to improving the quality of service in supplying the demand [23–25].

In electrical systems with high participation of hydro energy, the hours where
there is a greater risk of not being able to supply the demand is at evening/night hours
when the demand is usually maximum. In these systems, the firm capacity result from
the generation available in this hour range.

On the other hand, in systems with low participation of hydro generation,
the supply risk is at any time of the day and even more so with significant
participation of NCRE generation in the generation mix, as occurs in the MX
electrical system [26].

For this reason, in the MX electrical system, the firm capacity of an NCRE gener-
ator results from the generator production in the so-called critical hours, the
100 hours of minimum reserve of the year. Figure 12 shows the system generation
reserve, in MX, in each hour of 2019, in red the 100 critical hours. The firm capacity
of the NCRE generators is measured in these critical hours.

Figure 11.
Effective load carrying capability of NCRE.
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4.9 Storage energy systems

Storage energy systems are a set of technologies and operating methods that allow
energy to be conserved for later use (similar to what happens with hydro plants).
Energy storage is currently based on a broad set of technologies, many of which
already have a solid state of maturity, while others are less consolidated, which require
progress in some aspects and improve their performance, costs, and competitiveness.

Examples of existing storage systems in LATAM’s countries are (i) batteries
(BESS), in which the charging phase is carried out by storing chemical energy in the
batteries, and (ii) pumping hydro plants in which during the charging phase it accu-
mulates water in the reservoir (potential energy) by pumping, which is transformed
into electrical energy during the discharge phase. The charging phase is usually fed
with energy withdrawn from the same network into which the accumulated energy
will be injected.

Of the storage technologies, it is worth highlighting the high potential for the
development of BESS, which constitutes an effective complement to NCRE generation
for the safe supply of demand at a minimum cost. Other possible uses of BESS
concerning the safety and quality of the energy supply are as follows:

1.Frequency control reserves to manage contingencies, especially with a relatively
large proportion of NCRE in the system;

2.Voltage stability in the power system;

3.Provide peaking capacity, deferment of new generation capacity, and
displacement of thermal generation;

4.Enhanced system security by supplying energy during shortages in electricity
generation.

Figure 12.
MX capacity balancing market – 100 critical hours, 2019 year.
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The NCRE generation technically today can offer operating reserves for frequency
regulation. However, it must be taken into account that since NCRE generation has
zero production opportunity cost (the energy that is not produced is lost) by requiring
a power reserve margin to offer the regulating band, the provision of reserves nor-
mally has a high operating cost results from the difference between the price of spot
energy and the variable cost of the generator, which is zero. This margin is usually
much lower in other technologies, so from the economic point of view, it is better
to assign the frequency regulation reserve to conventional power plants or storage
systems.

Storage generators, particularly batteries, can be a lower-cost alternative for NCRE
generators to provide power reserves for frequency regulation.

NCRE generators can also increase their firm capacity by adding batteries to
their installed generation capacity, charging the batteries with their generation at
hours when there is a high reserve margin (low marginal energy prices), and injecting
the stored energy into the electrical system at hours of the day when the reserve is
minimal (high marginal prices). This configuration is called a “hybrid generator.”

The storage generators can also operate in the electricity markets independently of
other generators in the system, under the so-called “stand-alone” configuration. In
this case, the owner of the storage media (battery) covers the investment costs via the
marginal rent that results from the storage process in hours of low marginal cost and
the sale of the energy stored in hours of high marginal cost. The difference between
the marginal costs during loading and unloading of the storage medium must cover at
least the losses in the process of loading/unloading the storage medium.

A stand-alone storage generator can also be remunerated by its firm capacity. In
this case, system operation studies must demonstrate that it will be economically
convenient to charge the storage system when the electrical system is in a critical
situation with a minimum reserve margin. The economic feasibility will depend on the
difference between the marginal costs between the loading and unloading processes
when the electrical system has a minimum reserve. If the difference in marginal cost
does not cover the cost of losses in the storage system, so the firm capacity will be
equal to zero.

4.10 Demand participation

The demand can participate directly in the spot market via offers to withdraw
demand if the price of energy in the spot market exceeds the offered price. To this
effect, loads should have the technical capacity to respond to the ISO instructions to
reduce the load in real time. From the point of view of the economical minimum cost
dispatch, the demand withdrawal offers are similar to a thermal plant with negative
capacity and a VPC equal to the offered price.

Consumers can also play an active role in the system’s security of supply via their
response to the electricity rates paid to the distribution company from which they buy
energy. In many cases, the rates include high charges if the time in which the con-
sumer has his maximum demand coincides with the time of day in which the aggre-
gate demand of the distribution company is maximum. In these cases, the consumers,
mainly industries, reduce their consumption, so, their demand is elastic to electricity
rates. This can be seen in Figure 13, which shows the hourly demand of a typical day
for large consumers in the Peruvian market. In the hours where rates are high, 6–
10 pm, demand is significantly reduced. This lower demand, at times when the system
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typically has minimal reserves, contributes to increasing system reserves and thus
improving the security of supply.

5. Conclusions

In the 1990s, wholesale electricity markets were organized in the LATAM’s coun-
tries to introduce competition in the supply of electricity as a way of supplying
demand with an adequate quality of service at a minimum cost.

The initial design of these markets mainly considered that the demand would be
supplied with a mix of hydro and thermal generation.

In recent years, the growing participation of NCRE energies, mainly wind and
solar-PV, in the generation mix has been observed, promoted by a significant reduc-
tion in the capital costs of these technologies and the need for countries to advance in
the replacement of thermal generation, mainly the generator based on coal, to miti-
gate the effects of climate change and thus move toward a production matrix-based
mainly based on clean energy (energy transition).

The greater participation of solar and wind energy, characterized by variable
generation depending on climatic conditions (wind level and solar radiation), intro-
duced a strong instability in the electrical systems that put at risk the normal supply of
demand in safe conditions.

To mitigate these effects, the rules of the wholesale electricity markets of the
LATAM’s countries include, or their implementation is being evaluated soon, strong
economic incentives that seek to maximize the availability of energy at times of
minimum generation reserve. In this sense, the following stand out:

• Generation dispatch, based on reliability constraints and minimum cost.

• Systems reserves (frequency regulation and voltage control) are dimensioned to
supply the demand at minimum cost including CNSE.

Figure 13.
Peruvian electricity market. Hourly demand of large consumers.
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• Energy prices are equal to the generation short-term marginal cost including the
CNSE when there is not enough energy to supply the demand.

• Anticipated energy markets (day ahead), to promote better information of
expected ERNC production for the generation economic dispatch.

• Supply contracts, to mitigate the risks of high prices in the spot market and to
promote generation long-term expansion that improves system security.

• Firm capacity market, to promote a reliable operation by remunerating the
contribution of the power plants based on their contribution to the security of
supply.

• Distribution rates that promote consumer participation reduce its demand in
hours of minimum reserves.

The electricity markets of LATAM’s countries showed strong dynamism from the
beginning, mainly due to private participation in the electricity generation segment.

It is estimated that this behavior will continue in the future, for which it will be
necessary for market regulations to evolve to allow the integration of new technolo-
gies efficiently, thus contributing to achieving the objectives of the energy transition
without compromising the secure supply of demand.
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Management Methods of Energy 
Consumption Parameters Using 
IoT and Big Data
Carlos Daniel Valencia Rincón, Daniel Revelo Alvarado  
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Abstract

The continuous monitoring of electrical consumption helps to understand energy 
expenditure in functional consumption environments, such as campuses. For this 
reason, this work details the development of a mechanism that can do so, such as a 
network of sensors that is available in a telemetry system, which is determined to 
perform the acquisition and analysis of energy parameters. These actions are based on 
the concepts of Internet of Things (IoT) and Big Data. The acquired data are sent in a 
virtual local area network (VLAN), which is connected to a database server located in 
the campus environment, using the IoT concept, through the IEEE802.11/IEEE802.3 
standards, so that later the analysis and monitoring of the electrical network can be 
carried out. For the construction of this prototype, noninvasive current sensors con-
nected to a three-phase meter and a communication card are used to extract data from 
the meter and send it to the database. In the results, the possibility of specifying 30 
energy parameters is obtained, with a packet loss rate equal to zero. With this network 
of sensors, whatever is in operation, such as low-voltage electrical power transform-
ers, distribution boards, among others, can become intelligent data collection devices, 
from which information is extracted in real time by telemetry.

Keywords: power consumption, energy, Internet of Things (IoT), big data, telemetry, 
sensors, convergence

1. Introduction

The consideration of the impact of the use of electricity on the progress and 
economic evolution of a region is decisive and crucial. In this way, in economic costs, 
energy efficiency strategies and policies must also be formulated to accompany 
and help reduce electricity consumption [1]. When it is possible and there is the 
possibility, electrical transformers are observed by complex systems, which means 
high economic cost or, on the contrary, not being monitored, and there is no local 
or remote management of the reference variables defined in terms of the behavior 
of energy consumption [2]. Likewise, the term of electrical energy quality is an 
important aspect in what refers to the use of the energy supply [2]. In addition, 
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the determination of the quality of electrical energy is defined by a wide variety of 
phenomena in electromagnetic physics, which are characterized by certain criteria, 
such as voltage and intensity, at a certain time [2]. Among the primary parameters of 
power quality, there is active power, reactive power, power factor, and voltage unbal-
ance, among others [3].

Within the campus-type architectures, measurement devices can be arranged, 
which configure, know, and control energy consumption. The information obtained 
is useful when what is observed by the behavior of electricity consumption can be 
captured and processed as information, which must be directed to a management and 
control center, which can make the data collected available through an information 
system and visualization for both consumers and providers [1, 4, 5].

On the other hand, ICTs have offered innovative products and services that 
constantly change people’s way of life [6]. Similarly, the Internet of Things (IoT) has 
undoubtedly opened a great opportunity, and that is to take advantage of the flexibil-
ity and efficiency of digital technology in daily life [4]. In addition, it mixes hardware 
and software technologies, communication protocols, and different processing 
technologies [6]. Likewise, it carries out a series of interconnections of equipment, 
personnel, processes, and data to achieve mutual communication and avoid problems. 
In this way, IoT can help improve different processes and make them more quantifi-
able and measurable through the collection and analysis of large amounts of data [6].

On the other hand, the presence of sensors as part of telemetry networks is one of 
the specifications that drives the development of the IoT in a keyway. These are used 
to collect and transmit data in real time, thus improving the efficiency and function-
ality of these IoT environments [7]. For the energy sector, there are four main pillars 
of IoT in energy saving: the transparency between assets, the monitoring and control 
of energy consumption at an elemental level, the optimization of energy consump-
tion in real time, and the complete optimization of the system [4]. Likewise, it also 
includes the production, transmission, and distribution of energy, aspects in which 
use is made of a great variety of sensors, with which measurement processes are 
made, and it is through the management of the result of these that it could be possible 
to decrease in costs as in energy [7]. Furthermore, to improve energy efficiency, it 
is considered that the share of renewable energy must be increased, and the envi-
ronmental impacts of energy use must be reduced [7]. In this way, IoT can help the 
energy sector transform from a centralized energy system to a distributed one with 
the integration of sensors with connectivity to this technology, that is, managed as a 
smart grid [3].

On the other hand, it is currently very pertinent to consider the use of IoT and Big 
Data platforms for the proper processing, management, and analysis of large amounts 
of data [8]. Likewise, to guarantee that users do not feel overwhelmed by the volumes 
of information, systems are required that can manage, analyze, and convert said data 
structure, which is obtained by dynamically processing and extracting an observed 
system [9]. In addition, in campus-type places, you can have a considerable number 
of transformers or electrical panels, which, with the integration of sensors, can obtain 
energy indicators. In this way, it is necessary to use technology, such as IoT and Big 
Data, among others, which can naturally face these challenges that exist today and, 
likewise, detect faults that could arise during the transmission or distribution of 
electricity [5].

The objective is framed in proposing a solution based on IoT and Big Data for the 
acquisition and analysis of energy parameters through a network of sensors using 
the IEE.802.11 protocol or the IEE.802.3 protocol. The final sensor network has two 
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measurement devices, which manage to capture 30 variables; voltages, currents, 
powers, and frequency are among them. In addition, there is a dashboard in which the 
variables mentioned above can be seen in real time.

2. Background

Electricity demand has increased recently, and with the advancement of tech-
nology, many impulsive and nonlinear loads have been widely used in distribution 
networks. Similarly, the accuracy of energy metering is an important basis for the 
normal operation of the power grid. At present, not only power supply enterprises 
attach great importance to the development of electric power measurement technol-
ogy, but also power users, large factories, and enterprises attach great importance to 
its development [9]. For example, Neve et al. [4] designed an IoT energy monitoring 
system, which consists of a PZEM-004 T-module-integrated thermocouple (TC) 
sensor, SD3004 electric energy measurement chip, and a Wemos D1 ESP8266 mini 
microcontroller for communication. The measurement data are sent to the database 
server via MQTT. As a result, they generated graphs in Grafana (dashboard) of 
voltage, current, and power of an electric furnace to demonstrate the operation. 
Likewise, Dharfizi [10] designed an IoT-based real-time energy monitoring sys-
tem. It is composed of Raspberry Pi, which uses RS485 communication and node.
js programming language to collect data from industrial energy meters (Schneider 
EM6400NG and Elmeasure EN8400) existing in the study company and store them 
locally. Therefore, they used Grafana (dashboard) to generate graphs showing the 
measured values of voltage, current, power, generated consumption, and current 
harmonics. Similarly, Tahiliani and Dizalwar [11] designed and implemented a mini-
malistic smart energy meter consisting of a microcontroller, an ACS712 current sen-
sor, a Wi-Fi module, and an organic light-emitting diode (OLED) display. As a result, 
they generated graphs of nominal power and power consumption of some household 
appliances on the ThingSpeak platform, which is limited to connect multiple chan-
nels in its free version. In the work presented by them, a multi-interface smart 
energy meter communication following an IoT approach was proposed and dem-
onstrated [2]. The electric meter is composed of an MSP430 processor, which reads 
parameters from the power grid, collects data such as voltage and current, and sends 
them to TM4C (processor) through UART (microcontroller). TM4C (processor) 
sends the data to nodeMCU through UART (microcontroller), which can perform 
post MQTT. Finally, the voltage, current, and power data are displayed in bar graphs. 
As a limitation, the device has internal memory capacity to store consumption data 
for the last 60 days of operation [12, 13].

In the work developed and specified in the article by Neve et al. [4], it is seen that 
they developed a module for measuring electrical variables in power transformers 
using IoT concepts. They used as materials a three-phase meter with the MODBUS 
RTU communication module, the MODBUS RTU to Transmission Control Protocol/
Internet Protocol (TCP/IP) converter, a development board with the IEEE 802.11 
module, and noninvasive current sensors. Likewise, to load the related information 
to the database (NoSQL), it was used the MQTT protocol. As a result, the voltage and 
current measurements in the three phases are presented graphically, in addition to 
the measurements of active power, apparent power, reactive power, and the average 
power factor. All these data were captured in a time interval of approximately 2 hours 
with a time loop of 5 seconds [12, 13].
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Some of the work presented was applied to verify point consumption, which, 
unlike the work carried out, is focused on macro consumption measurements in 
campus-type sites.

3. Materials and methods/methodology

3.1 Methodology

To carry out the project, the methodology was divided into the following phases:
Phase I. Requirements analysis: The location of the electrical system in different 

areas of the campus environment was considered to measure the intensity levels of 
the wireless local area network (WLAN) systems.

Phase II. Logical design of the solution: Once the measurements of the WLAN 
systems were carried out, the optimal solution was sought for the acquisition and 
collection of data from the university campus cabinets.

Phase III. Development of the solution model: The data obtained were recorded 
in a storage infrastructure (database) on a server locally using the local area net-
work or the IEEE 802.11 network. In addition, Big Data was used to process large 
amounts of data.

Phase IV. Test and optimization of the resulting model: Real-time data reading and 
storage tests were developed. In addition, connection tests were carried out between 
the database and the interface, and results were taken, which were used to optimize 
the final model.

Phase V. Implementation and testing of the resulting system: The implementation 
of the system was carried out in the different intelligent sensors that are in the electri-
cal power supply areas of the campus air conditioners. In relation to the above, it was 
intended to take simultaneous samples to determine and guarantee the operation of 
the system.

Phase VI. Observation and interpretation of system variables: Observation and 
interpretation actions were carried out in the visualization interface from the tests 
of the system implemented in the digital power meters, and final samples were 
taken.

The system is generally arranged to continuously develop and test the telemetry 
processes, during certain periods, in the development environment determined for 
your application; generally, this is defined in a development life cycle of the test 
process, which can be composed of a set of stages that are predisposed, in which the 
limits must be appropriate for the correct collection of results [14, 15]. In the current 
situation, the research and implementation work process focuses on the phases and 
the development of a telemetry system through the acquisition and analysis of energy 
parameters based on IoT and Big Data concepts, providing it with a method accord-
ing to the management of devices that become part of a converged system. For this 
reason, in addition to the corresponding analysis, it is also recommended to have a 
test bench for experimental practice.

3.2 Materials and procedures for development

The design of the sensor network of a telemetry system based on the concept of 
IoT and Big Data for the acquisition of energy parameters is built by hardware and 
software elements; these elements are presented in the following.
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3.2.1 Hardware

One of the main characteristics of the creation of the IoT prototype that make 
up the sensor network is that it can be used as a final product and, in turn, is easy to 
move. Likewise, it is made up of the following materials:

• Three-phase meter with MODBUS RTU communication module.

• MODBUS RTU to TCP/IP converter.

• NodeMCU development board.

• Noninvasive current sensors.

• Breakers.

• GX16 connectors.

Source: Adapted from [4].
Table 1 presents the characteristics of the meter arranged for the integration of the 

IoT measurement sensor.
Table 2 presents the technical specifications of the Modbus RTU to TCP/IP 

converter for the integration of the IoT measurement sensor.
Table 3 presents the NodeMCU development board features for IoT measurement 

sensor integration.

3.2.1.1 Measurement device design

The development of the IoT sensor for three-phase measurement consists of 
the devices mentioned in Table 1, and it is corresponding to the hardware section. 
Figure 1 shows initially a 3D model of the IoT sensor design with the devices that 

Main technical parameters

Voltage Measuring range 380 V/100 V

Consumo de energía <1 VA

Current Measuring range 5 A/1 A

Energy consumption <1 VA

Measure class Active energy 0,5S

Reactive energy 1S

Power supply Measuring range AC/DC 85–265 V

Energy consumption < 5 VA

Work temperature Working range −10–55°C

Frequency Measuring range 45–65 Hz

Measurement error margin ±5%

Source: [16].

Table 1. 
Technical references of the measurement module.
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integrate it and its installation in lowvoltage. Finally, Figure 2 shows a functional IoT 
device in a distribution board, connected to the current transformers of each phase 
through polyvinyl chloride cables (PVC) [19, 20].

Main technical parameters

Microcontroller Tensilica Xtensa LX106 (32 BIT)

Interfaces 1 UART, 16 PWM (10 BIT), 2 SPI, 1 I2C, 1 I2S 1 ADC (10 BIT)

Flash memory 1 MB

SRAM 64 kB

Speed (MHz) 160

Wi-Fi IEEE 802.11 b/g/n

Bluetooth NO

Supply voltage 5 VDC

Source: [18].

Table 3. 
Microcontroller technical references.

Main technical parameters

Feeding range 5–36 VDC

Standard interfaces RS232: 300–460.8 kbps
RS485: 300–230.4 kbps

Network mode Station/AP/AP + Station

Working mode Transparent transmission/HTTP Client-Modbus TCP or Modbus RTU

Networking protocol TCP/UDP/ARP/ICMP/DHCP/DNS/HTTP

Communication Serial to Wi-Fi or Serial to Ethernet or Wi-Fi to Ethernet

Work temperature −40–85°C

Source: [17].

Table 2. 
Modbus RTU to TCP/IP converter technical references.

Figure 1. 
3D modeling of the IoT sensor design and corresponding low-voltage installation. Source: prepared by the authors.
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3.2.2 Software

3.2.2.1 Network simulator

To have a first approximation to the network architecture, the modeling of the IoT 
sensor network was carried out, in which the power supply elements of the university 
campus are located using an appropriate network simulator for the case [14, 15], that 
is, the simulator with the required characteristics and specifications. In addition, a 
port-based virtual local area network (VLAN) was developed to have easy control 
of network traffic and better security of the data that are sent from the IoT sensor to 
the database server. Figure 3 illustrates the scope that can be given to the project, the 
possible installation of 12 electrical network analyzers, each with its network inter-
face that allows connection through the IEEE802.3 or IEEE802.11 communication 
protocol, and with capacity for greater installation, interconnected with each other 
in a campus-type unit. The yellow box represents the database server interconnected 
to a computer for viewing the data recorded by the IoT sensors from the energy 
distribution sites. The blue box shows the routing of one of the devices using the 
IEEE802.3 network, and the green box shows the routing of one of the devices using 
the IEEE802.11 network. The user can determine what type of connection to the com-
munication network he wants. Figure 4 shows the data collection from the server sent 
by the IoT sensor, thus giving the user the possibility to review the energy parameter 
collected separately and in real time. This information is being extracted from each of 
the points where the energy network analyzers are located and is subsequently being 
stored in a database dedicated solely to this information [21, 22].

3.2.2.2 IoT sensor communication mechanism

1. Communication with typical systems currently applied for online electrical mea-
surements using the RS485 interface, two-wire full duplex (with Modbus protocol).

Figure 2. 
Physical and functional design of the IoT sensor in a distribution board. Source: prepared by the authors.
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Figure 3. 
Visualization of the final model of the network of electrical network analyzers of the university campus. Source: 
prepared by the authors.

Figure 4. 
Visualization of energy parameters distributed individually in a dashboard and previously stored in a database. 
Source: prepared by the authors.
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2. Communication with typical external current sensors via portable multicon-
ductor flexible cables composed of two soft copper conductors with individual 
thermoplastic polyvinyl chloride (PVC) insulation.

3. The meter’s communication with the IEEE 802.11 or IEEE 802.3 system was done us-
ing a MODBUS RTU to TCP/IP converter, using the said converter in the slave mode.

4. Communication with the database was completed through NodeMCU with the 
IEEE 802.11 module and configured as the server mode; it was with the responsi-
bility of consulting the meter and sending the received data to the database.

5. To upload the information to the database, the MQTT protocol was used.

6. The database is managed by a timing system that provides stable write speed and 
higher read speed (TSDB).

7. To view the energy parameters stored in the database, a dashboard made up of 
dynamic panels was used.

Source: Adapted from [4].
All IoT sensors communicated through a virtual local area network (VLAN) to 

increase productivity and data security and did not interact with other devices on 
another network and vice versa [21–23].

3.2.2.3 Data reception

Three-phase meters with RS-485 communication, also known as EIA/TIA-485, 
were used to receive data of all the energy parameters that are directed to the database 
server, each one connected to its respective voltage and current signals from of electri-
cal distribution cabinets. The information that is obtained, is passed to an information 
system, that uses TCP/IP transmission protocol like mechanism of network, and using 
the Node-RED programming tool, that converts data from character to numeric format, 
as well as it connects all devices at same time, and manages the messages received 
[21–23]. The information storage was based on a time-series model, making use of the 
TSDB database, a database focused on IoT solutions, Big Data, and other technologies 
that collect a lot of information over time. The general architecture of the measurement 
system that outlines the communication of the sensor network is shown in Figure 5.

3.3 Materials and procedures for development

Using the data obtained from each meter as information, it is necessary to consider 
other electrical characteristics to help complement the information captured to give a 
correct interpretation. The following formula was used.

3.3.1 Offset angle

The phase angle is the representation of the power factor angle; it is obtained by 
finding the arc cosine of the power factor, as represented the following Equation [4]:

 ( )ϕ −= 1cos .Pf   (1)
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4. Results and discussion

As the main goal for the development of the project, it is proposed to carry out 
a network of sensors of a telemetry system through the acquisition and analysis of 
energy parameters based on IoT and Big Data concepts with a proposed solution, 
which was the electrical distribution cabinets or the power transformers of the uni-
versity campus, which was determined using the concepts allusive to the management 
of power and electrical loads focusing on consumption. This section presents the 
results obtained once the operation process was carried out, together with the results 
obtained in the field tests, starting from the creation of a network of sensors integrat-
ing two electrical distribution panels to which the network analyzer was adapted to 
them, and through this, they become an intelligent object or smart object.

To make measurements in systems that reflect aspects, such as electrical power and 
what it represents, it is necessary to look for methodologies and models that, using 
technology and additional mechanisms, carry out such actions directly or indirectly. 
It is not uncommon that, today, millions of devices already bring with them a form of 
data extraction making use of protocol concepts with industrial-type determinations, 
which makes access to their information very limited, and it is not allowed to manage 
and analyze them. Likewise, it is not possible to connect a large number of said devices 
and make them converge between them, omitting the possibility of creating a sensor 
data collection network. Based on the above, we start from the search or creation of a 
mechanism that is capable of converting devices that do not have a form of data extrac-
tion to a device that does, making use of noninvasive external devices and determining 
it, as well as an IoT object, looking for the possibility of measuring variables or refer-
ence data of its operation in order to store and process said information in the future. 
On the other hand, it is also important to emphasize that using these mechanisms, it is 
possible to form an information network making use of telemetry processes collecting a 
large amount of data and making the devices converge in a database, and subsequently, 
the analysis can be carried out in this case of the fluctuations of the electrical network.

Figure 5. 
General architecture of the sensor network. Source: prepared by the authors.
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As already mentioned, the implementation characteristics used in this develop-
ment are determined using simple concepts applied in the power measurement pro-
cess, initially defined in two of the electrical distribution boards, which are derived 
from the campus transformers. For this, a network analyzer is used, which adapts to 
the necessary conditions for the collection of information. This device allows one to 
manage the data collected by making use of the network interface; it complements the 
network, which makes it an intelligent object.

The IoT sensor network in conjunction with the data acquisition system was used 
to monitor two electrical distribution cabinets on the university campus. The correct 
operation of this gives the possibility of collecting 31 energy parameters; likewise, 
validation tests of the different parameters obtained were carried out. The measure-
ment network is fully functional, and each IoT sensor has a different topic as a unique 
identification for each energy parameter. The data collected are available on the uni-
versity campus database server, where the different data generated by the sensors can 
be analyzed and visualized in real time. The visualization of these energy parameters 
is done using a free-to-use dashboard (open source) called Grafana. Abbreviations for 
the energy parameters are presented in Table 4

Table 5 presents the data obtained from the voltage of the three phases A, B, and 
C of the two measurement points located on the university campus during a period of 

Abbreviation Description

VA A phase voltage

VB B phase voltage

VC C phase voltage

VAB AB phase voltage

VBC BC phase voltage

VCA CA phase voltage

IA A phase current

IB B phase current

IC C phase current

PA A phase active power

PB B phase active power

PC C phase active power

PS Total active power

QA A phase reactive power

QB B phase reactive power

QC C phase reactive power

QS Total reactive power

PfA A phase power factor

PFB B phase power factor

PFC C phase power factor

PFS Total power factor

SA A phase apparent power
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4 days; however, the measurement system can work constantly until it is determined 
that the information obtained is relevant. The acronyms of VA1, VB1, and VC1 represent 
the first measurement point, which is in block 6, floor 3 of the university campus. 
On the other hand, the initials VA12, VB12, and VC12 represent the second measurement 
point, which is in the basement of block 6. The values contained in Table 5 are the 
maximum, minimum, and average value. Likewise, Figure 6 shows the data collected 
and displayed on the graphical interface (dashboard) in a section of time of 5 minutes.

Figure 6 shows an interactive graph of three-phase voltage measurements on a 
university campus network at the installation site, where each line and its respective 
color have their specific abbreviation at the top right of the figure. Likewise, network 
fluctuations are observed in the measurements of both the sensors.

Similarly, Table 6 shows the values of maximum, minimum, and the average of 
the normalized currents from 0 to 5 A of phases A, B, and C of the two measurement 

Minimum Maximum Average

VA1 8.1 V 128 V 97.6 V

VB1 8.1 V 128 V 124 V

VC1 8.1 V 128 V 122 V

VAB1 216 V 223 V 220 V

VBC1 216 V 220 V 219 V

VCA1 217 V 223 V 220 V

VA12 65.5 V 128 V 126 V

VB12 114 V 128 V 126 V

VC12 8.1 V 128 V 118 V

VAB12 215 V 221 V 219 V

VBC12 215 V 222 V 219 V

VCA12 215 V 222 V 219 V

Source: prepared by the authors.

Table 5. 
Values of the voltages obtained by the sensors installed in the distribution boards.

Abbreviation Description

SB B phase apparent power

SC C phase apparent power

SS Total apparent power

Phi A A phase Φ

Phi B B phase Φ

Phi C C phase Φ

Phi S Total Φ

F Frequency

Source: prepared by the authors.

Table 4. 
Abbreviation of energy parameters.
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points; Figure 7 shows an interaction graph of the three-phase current measurements 
recorded by the sensors during a time window of 5 minutes, where each color of the 
signal is associated with an abbreviation located in the upper right part of the image. 
The IoT sensor located in the basement counts current transformers with a ratio of 
1000 A to 5 A. In addition, the IoT sensor located on floor 3 of the same block has 
current transformers with a 600 A to 5 A ratio.

On the other hand, Table 7 shows the active powers with their maximum, minimum, 
and average value of phases A, B, and C of the two measurement points. Figure 8 shows 
the three-phase active power consumption levels recorded by the sensors in a time sec-
tion of 5 minutes; in addition, during the measurements, it was observed that the active 
power consumption is high when the university campus is in academic activities.

On the other hand, when reviewing the results presented in Tables 6 and 7, it can be 
seen that the energy consumption in some buildings and in a place like in the basement 
of block 6 is higher than the consumption in floor 3 of the same block. Likewise, it can 
be seen that consumption on floor 3 is constant; therefore, its average is higher compared 
to that of the basement. This information can also be seen in Figures 7 and 8, which cor-
respond to the currents and active powers of the sensors in a 5-minute time section.

Likewise, Table 8 shows the reactive powers with their maximum, minimum, and 
average values of phases A, B, and C of the two measurement points. Figure 9 presents 
a 5-minute section of the reactive power obtained by the three-phase measurement IoT 

Figure 6. 
Graphic interface of the visualization of the voltage energy parameters of both the sensors. Source: prepared by the 
authors.

Minimum Maximum Average

IA1 0.06 A 0.21 A 0.08 A

IB1 0.02 A 0.22 A 0.04 A

IC1 0.02 A 0.31 A 0.09 A

IA12 0 A 0.44 A 0.05 A

IB12 0 A 0.47 A 0.05 A

IC12 0 A 0.41 A 0.03 A

Source: prepared by the authors.

Table 6. 
Electric current values obtained by the measurement sensors.
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sensors during the entire measurement period; this power is related to the existence of 
coils or capacitors in the electrical installation associated with the distribution boards 
of the university campus.

Minimum Maximum Average

PA1 1 W 56.4 W 26.8 W

PB1 0.08 W 9.5 W 3.1 W

PC1 3.5 W 36.8 W 20.2 W

PA12 0 W 51.4 W 7.5 W

PB12 0 W 44 W 6.2 W

PC12 0 W 7 W 0.47 W

Source: prepared by the authors.

Table 7. 
Values of the active powers obtained by the IoT sensors.

Figure 7. 
Graphical interface for the visualization of the current variations of both the sensors. Source: prepared by the 
authors.

Figure 8. 
Graphic interface for displaying the active power variations registered by each sensor. Source: prepared by the 
authors.
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Similarly, Table 9 shows the apparent powers with their maximum, minimum, and 
average values of phases A, B, and C of the two measurement points. Figure 10 shows 
in a 5-minute section the interactions of the three-phase measurements of apparent 
power obtained by the sensors during the entire measurement period; this power is the 
sum of the energy that transforms these circuits in the form of heat.

Minimum Maximum Average

QA1 0.37 VAR 54.6 VAR 26.9 VAR

QB1 0.51 VAR 24.3 VAR 11 VAR

QC1 0.74 VAR 53.2 VAR 31.1 VAR

QA12 0 VAR 24.1 VAR 3.37 VAR

QB12 0 VAR 33.2 VAR 5.18 VAR

QC12 0 VAR 47.5 VAR 7.60 VAR

Source: Prepared by the authors.

Table 8. 
Values of the reactive powers obtained by the IoT sensors.

Figure 9. 
Graphic interface for displaying the active power variations registered by each sensor. Source: prepared by the 
authors.

Minimum Maximum Average

SA1 0.72 VA 79.3 VA 38.6 VA

SB1 0.34 VA 27.8 VA 13.2 VA

SC1 3.13 VA 65.2 VA 37.5 VA

SA12 0 VA 55 VA 8.62 VA

SB12 0 VA 53.2 VA 8.20 VA

SC12 0 VA 51.6 VA 7.13 VA

Source: prepared by the authors.

Table 9. 
Apparent power values obtained by the IoT sensors.
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Table 8 corresponds to reactive power indicating that the sensor located on floor 
3 of block 6 obtained higher reactance values compared to the meter located in the 
basement of the same block. In addition, Table 9 shows the apparent power values 
where there was likewise greater apparent power in the electrical cabinet located on 
floor 3 of block 6.

Equally important, Table 10 shows the power factors with their maximum, mini-
mum, and average values of phases A, B, and C and the total of the two measurement 
points. Likewise, Table 11 shows the phase angle of each meter.

Table 10 presents the power factor values for both the sensors; in the IoT sensor 
located in the basement of block 6 of the university campus, a maximum power factor 
value equal to one was presented; this is related to the time in which there was no elec-
tricity consumption. In the same way, from Table 11, it is possible to observe the values 
of the lag angles, giving an answer from another perspective that relates the apparent 
power and the active power, in other words, the lag in degrees existing between the 
intensity of the current and the voltage or voltage in the alternating current circuit.

The processing of energy indicators refers mainly to the support received from 
energy providers and the support and management of these parameters for the 
generation and transformation of electrical energy, as is the case of electrical powers, 

Figure 10. 
Graphic interface for displaying the active power variations registered by each sensor. Source: prepared by the 
authors.

Minimum Maximum Average

Pfa1 0.685 0.940 0.688

Pfb1 0.0277 0.378 0.202

Pfc1 0.04 0.604 0.527

Pfs1 0.04 1 0.891

Pfa12 0.087 1 0.97

Pfb12 0.11 1 0.934

Pfc12 0.037 1 0.823

Pfs12 0.099 1 0.885

Source: prepared by the authors.

Table 10. 
Values of the power factors obtained by the IoT sensors.
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which can be seen in Table 12, which represents the maximum, minimum, and aver-
age values of the total powers (active, reactive, and apparent). Figure 11 shows the 
measurements obtained by the IoT sensors of the total powers (active, reactive, and 
apparent); these data are provided directly by the meters.

Minimum Maximum Average

Phi A1 45.76° 19.94° 46.52°

Phi B1 88.41° 67.79° 78.35°

Phi C1 87.71° 52.84° 58.19°

Phi S1 87.71° 0° 27°

PhiA12 85° 0° 14.07°

Phi B12 83.7° 0° 20.93°

PhiC12 87.88° 0° 34.61°

Phi S12 84.26° 0° 27.75°

Source: Prepared by the authors.

Table 11. 
Values of the offset angles.

Minimum Maximum Average

PS1 0.365 W 54.6 W 27.7 W

QS1 0.508 VAR 23.7 VAR 11 VAR

SS1 0.742 VA 53.2 VA 31.7 VA

PS12 0 W 24.1 W 3.3 W

QS12 0 VAR 33.2 VAR 4.68 VAR

SS12 0 VA 47.5 VA 6.89 VA

Source: prepared by the authors.

Table 12. 
Values of the total powers (PS, QS, SS) obtained by the IoT sensors.

Figure 11. 
Graphic interface for the visualization of the total power variations (active, reactive, and apparent) of the 
sensors. Source: prepared by the authors.
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To evaluate the performance of the data transmission, the Wireshark program was 
used, which performs the analysis of protocols and data and allows visualizing the 
traffic that is happening on the network. The collection and sending of data from the 
IoT sensors, are scheduled every 5 seconds and are segmented into an average of 25 
sections, as can be seen in Table 13, which shows the information obtained from the 
energetic measurements.

In addition, communication tests were carried out in sending and confirming pack-
ages for approximately 58.82 hours between the IoT sensors and the database server in 
a private network or VLAN, in order to verify the sending and receiving of data from 
where the results presented in Tables 14 and 15 were obtained, which means that in 
the 58.82-hour interval of sending and receiving information, there was no loss or 
forwarding of packets, which provides good scalability and flexibility in the network.

The total information of the packet traffic in 1-second intervals during the mea-
surement time had a duration of 58.82 hours; to visualize the information in a more 
detailed way, Figure 12 shows the traffic analysis information in a window of duration 
of approximately 1.67 minutes; the time spaces between the peaks represent intervals 
when the IoT sensor is not communicating at all with the database server; for that 
reason, the packets delivered are 0. In addition, each signal peak refers to the number 
of packets that are sent and describes the number of sequences created during the 
transmission of information, that is, the number of measurements (280), (284) and 
(291) shown in Table 13, corresponds to eight of the thirty-one variables. In that 
case, the measurement the value two hundred and eighty (280), is the information 

Parameters Value

Total packages sent 994,618

Total packets received 994,618

Total discarded packages 0

Bytes sent from server to IoT sensor 77 MB

Bytes sent from IoT sensor to server 51 MB

Average latency 23.20 ms

Source: prepared by the authors.

Table 14. 
Results of the data transmission performance of the meter block 6 third floor.

Parameters Value

Total packages sent 883,251

Total packets received 883,251

Total discarded packages 0

Bytes sent from server to IoT sensor 71 MB

Bytes sent from IoT sensor to server 47 MB

Average latency 20.70 ms

Source: prepared by the authors.

Table 15. 
Performance results of meter block 6 basement data transmission.
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corresponding to the voltage in phase A that it was sent, this is the measurement 
corresponding to the first packet sent; in the measurement (284), it was sends the 
information contained from the voltage in phase B to the current in phase A; likewise, 
this is done with the measurement (291), this information is corresponding to the cur-
rent in phase B is sent. It should be noted that the data frame is not it ends until the last 
measurement number packet (456) has been sent, which corresponds to the variable 
“angle_fps”. Finally, the duration time of each data frame corresponds to an average of 
0.63 seconds and is composed of the time intervals when the sensor sends information 
and when the sensor does not share information with the database server.

This is the mature concept of a useful telemetry mechanism suitable for an inter-
preter who is familiar with electrical power consumption mechanisms to be able to per-
form, analyze, and interpret the information collected alluding to energy consumption. 
Therefore, those who are interested in this part know that it must be conditioned or 
improved and, in that case, must regulate the consumption generation processes; with 
this, a certifiable concept is allowed and is also supported by the green consumption 
standards of energy and by the ISO50001 standards that currently govern in Colombia.

There are currently different types of electrical network analyzers on the market, 
for which costs vary depending on customer needs. The designed modules prototypes, 
convert power transformers and the derived electrical distribution boards, into a class 
of smart object, and this allows to generate a network of sensors of low cost and with 
a reliable and safe data transmission method, in other words, when these components 
are in operation, there is not will be loss of information. Likewise, the customer can 
determine the measurement time required for acceptable results, and which electrical 
variables they want to acquire and know, furthermore, and if they want to use the 
transmission method remotely using the IEEE802.11 standard, or locally using the 
IEEE802.3 standard. In addition, the end customer can view the energy parameters 
through a graphical interface (dashboard) in a dynamic and interactive way.

The sensor network during the development of this work has a database server hosted 
on the university campus, which has a wide storage limit, for the integration of more sen-
sors and the massive collection of more energy parameters having remote access.

5. Conclusions

According to the results obtained with the operation of the sensor network based 
on the concept of IoT and Big Data, the following advantages could be evidenced:

Figure 12. 
Traffic analysis graph of the measurement for 58.82 hours approximately in an interval of 1.67 minutes. Source: 
prepared by the authors.
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• The method of data acquisition, transport, and processing of energy parameters 
used satisfactorily achieved acceptable performance, achieving zero loss of 
information packets as well as latency with permissible response time.

• The network of energy measurement sensors is convergent in all its measure-
ment sensors, which indicates that the architecture of this network is functional.

• The database server developed for the storage of information supports the pro-
cesses based on IoT and Big Data, which allows us to have a faster response time 
to visualize the energy parameters captured by the sensors based on time.

• The devices developed allow the user easy handling and installation. Likewise, it 
is multifunctional, which means that it can measure not only three-phase volt-
ages but also single- and two-phase voltages.

• The results suggest that the structured sensor network does not require a large 
bandwidth for the transmission of information.

• The proposed sensor network is in the investigative exploration stage and, in 
turn, in this work, can serve as a guide for generating feedback and developing 
future projects based on this work.

• To advance the project, other communication mechanisms, such as low-fre-
quency laser radio, must be considered, as this allows a greater range of connec-
tivity and communicates devices, where the IEEE802.11 and IEEE802.3 standards 
are not present.

• The work carried out has two measurement devices; it is recommended in the 
future to carry out the measurement processes using four or more devices that 
converge in the proposed data acquisition system. Likewise, make a robust 
analysis of the data obtained using Big Data processes to be able to make predic-
tions in the future.

Acknowledgements

Thanks to the Santiago de Cali University, to the COMBA I+D group, for the 
sponsorship and support for the development of this research work.



Management Methods of Energy Consumption Parameters Using IoT and Big Data
DOI: http://dx.doi.org/10.5772/intechopen.105522

91

Author details

Carlos Daniel Valencia Rincón, Daniel Revelo Alvarado and Fernando Vélez Varela*
Faculty of Engineering, Program of Electronic Engineering, University Santiago de 
Cali, Valle del Cauca, Colombia

*Address all correspondence to: fernando.velez00@usc.edu.co

© 2022 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. 



Advances in Green Electronics Technologies in 2023

92

[1] Carrasco Chipantiza LF. Sistema de 
monitoreo y telegestión del consumo 
eléctrico en cargas residenciales basado 
en una arquitectura IoT [En línea]. 
Carrera de Ingeniería En Electrónica y 
Comunicaciones, Facultad de Ingeniería 
En Sistemas, Electrónica e Industrial, 
Universidad Técnica de Ambato; 2018. 
Available from: https://repositorio.uta.
edu.ec/handle/123456789/28809

[2] Van Aubel PE. Smart metering in 
the Netherlands: What, how, and why. 
International Journal of Electrical Power 
& Energy Systems. 2019;109:719-725

[3] Collins Mendoza MJ, Lucas Villao II, 
Silva Becherán JM. Análisis de evento de 
calidad de energía en una red eléctrica 
de baja tensión mediante el analizador 
MPQ2000 Megger. Repositorio 
Institucional de La Universidad 
Politécnica Salesiana; 2020

[4] Neve VG, Pullawar PV, 
Kidile CH. Power quality issues & 
detection methods for voltage sag and 
swell. International Journal of Research 
in Biosciences, Agriculture and 
Technology. 2020;II(Special-16):71-79

[5] Avancini DB, Rodrigues JJPC, 
Martins SGB, Rabêlo RAL, Al-Muhtadi J, 
Solic P. Energy meters evolution in smart 
grids: A review. Journal of Cleaner 
Production. 2019;217:702-715

[6] Velez Varela F. In: Valle UD, editor. 
Sistema informático de gestión para 
la evaluación del impacto ambiental 
de la infraestructura de las tic, redes 
y servicios en una red LAN. Vol. 53. 
Santiago de Cali: Repositorio digital 
Universidad del Valle; 2016

[7] Ortiz JH, García JFC, Khalaf OI, 
Varela FV, Baron PJB, et al. Development 

of a module for measuring electrical 
variables in power transformers based 
in IoT, to manage and monitoring 
by telemetry mechanism. Journal on 
Internet of Things. 2021;3(2):53-63

[8] Shrouf F, Ordieres J, Miragliotta G.  
Smart factories in Industry 4.0: A 
review of the concept and of energy 
management approached in production 
based on the Internet of Things 
paradigm. In: IEEE International 
Conference on Industrial Engineering 
and Engineering Management. Vol. 1. 
2014. pp. 697-701

[9] Yassine A, Singh S, Shamim 
Hossain M, Muhammad G. IoT big data 
analytics for smart homes with fog and 
cloud computing. Future Generation 
Computer Systems. 2019;91:563-573

[10] Dharfizi AD-H. The energy sector 
and the Internet of Things—Sustainable 
consumption and enhanced security 
through Industrial Revolution 4.0. 
Journal of International Studies. 
2018;14:99-117

[11] Tahiliani VDM. Green IoT systems: 
An energy efficient perspective. In: 
2018 11th International Conference on 
Contemporary Computing (IC3). 2018

[12] Motlagh NH, Mohammadrezaei M, 
Hunt J, Zakeri B. Internet of things 
(IoT) and the energy sector. Energies. 
2020;13(2):1-27

[13] Terroso-Saenz F, González-Vidal A, 
Ramallo-González AP, Skarmeta AF. An 
open IoT platform for the management and 
analysis of energy data. Future Generation 
Computer Systems. 2019;92:1066-1079

[14] Xin Y, Mingshuai C, Xinyang L, 
Hongwei Z, Zong-Qiang S, Liwei L. 

References



Management Methods of Energy Consumption Parameters Using IoT and Big Data
DOI: http://dx.doi.org/10.5772/intechopen.105522

93

Research of three-phase high-voltage 
energy metering device. In: 2017 Chinese 
Automation Congress (CAC). 2017. pp. 
5845-5848

[15] Muralidhara S, Hegde N, Rekha PM. 
An internet of things-based smart 
energy meter for monitoring device-level 
consumption of energy. Computers and 
Electrical Engineering. 2020;87:106772

[16] Chujing Electric. Shanghai Chujing 
Electric Co. Ltd. [En línea]. 2014. 
Available from: http://www.chujing-
electric.com/English/About%20us/

[17] Jinan USR IOT Technology Limited. 
h.usriot.com [En línea]. 2021. Available 
from: https://en.usr.cn/

[18] Espressif Systems Solutions. 
Espressif Systems (688018.SH) [En 
línea]. 2022. Available: https://www.
espressif.com/en

[19] Chooruang K, Meekul K. Design 
of an IoT energy monitoring system. 
In: 2018 16th International Conference 
on ICT and Knowledge Engineering 
(ICT&KE). 2018

[20] Mudaliar MD, Sivakumar N. IoT 
based real time energy monitoring 
system using Raspberry Pi. Internet of 
Things. 2020;12:100292

[21] Avancini DB, Rodrigues JJPC, 
Rabêlo RAL, Das AK, Kozlov S, Solic P. 
A new IoT-based smart energy meter 
for smart grids. International Journal of 
Energy Research. 2021;45(1):189-202

[22] Velez Varela F. Energy consumption 
model for green computing. In: Mobile 
Computing. London, UK: IntechOpen; 
2020. pp. 1-14

[23] Bollen MHJ, Gu IYH. Signal 
Processing of Power Quality 
Disturbances. Wiley-IEEE Press; 2006





Section 2

Green Energy for
Computing Networks

95





Chapter 5

From Photovoltaic to
Agri-Natural-Voltaic (ANaV)
Giovanni Campeol, Lorella Biasio, Silvia Foffano,
Davide Scarpa and Giulio Copparoni

Abstract

Italy is the geographic area with the highest world concentration of cultural sites,
landscapes with a high esthetic value, and biodiversity. Therefore, any modification in
the territory is to be performed by highly considering these cultural, landscape, and
natural values. Also, Italy has a high human pressure on agricultural areas, especially in
flatlands, that generally have a high agronomic value. As a consequence, the planning of
photovoltaic installations in agricultural areas must meet at least five basic criteria: to
cause as little use as possible to the agricultural soil, to maintain agricultural activities, to
strengthen or introduce natural habitats, to properly mitigate the landscape impact, and
to be located as far as possible from residential areas. This chapter presents the techno-
logical innovation with a high environmental value that characterizes the photovoltaic
system, called Agro-Natural-Voltaic (AnaV), also using methodological and planning
schemes together with landscape simulations. Moreover, the essay gives a description of
the study on the environmental impact (for the administrative procedure of the Envi-
ronmental Impact Assessment), laid down for the emblematic case study.

Keywords: renewable energies, photovoltaic, agriculture, biodiversity, landscape

1. Introduction

Italy is the geographic area with the highest world concentration of cultural sites,
landscapes with very high aesthetical value, and biodiversity. It is also the country
with the highest number (59) of sites on the UNESCO World Heritage List. In fact,
new properties were added to the WHL: on 26 July 2021 “Padua’s fourteenth-century
fresco cycles and Montecatini Terme,” and on 28 July the “porticoes of Bologna” and
8000 hectares of Italian forests within the transnational candidature “Primeval beech
forests of the Carpathians and other Regions of Europe.” In this special ranking, China
is second with 56 sites and Germany is third with 50 sites.

They are prevalently cultural sites, some of which with considerable natural and
landscape importance.

Therefore, any modification in the territory is to be performed by highly
considering these cultural, landscape, and natural values.

The great promotion of renewable energy (especially sun and wind) has led to a
conflict in Italy between those who want to preserve the landscapes and those who
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want to transform them regardless of the characteristics of renewable energy projects,
which very often produce a heavy bureaucratic blockage.

Before transforming a territory, the project of renewable energy must forcibly be
environmentally compatible with the site concerned and not vice versa, and this is of
crucial importance in the geographic case of Italy.

2. Photovoltaic

There are several types of photovoltaic projects [1], as synthetically presented in
Table 1.

Italy has greatly developed photovoltaic technology and, in this case, also its
production modes. In particular, a different conceptual paradigm has been recently
proposed: first, the environmental characteristics of a geographic area are studied,
then, the kind of photovoltaic is defined.

The case study presented in this essay seems to be the most important “system
technological innovation” that characterizes the planning of photovoltaic in Italy (as
well as in all those geographic areas characterized by high environmental sensitivity).

Figure 1 summarizes the evaluation process realized for the photovoltaic project
called “Agri-Natural-Voltaic (ANaV), proposed by Tozzi Green SpA located in
Mezzano (Province of Ravenna) in Italy. The project was approved in 2022 by the
National Committee of Environmental Impact Assessment of the Italian Ministry of
Ecological Transition1.

3. The “Agri-natural-voltaic” technology (ANaV)

Considering the analysis of the different projects for the photovoltaic system [2],
presented above, the ANaV project is compared to other projects with the same
technology but with different uses of the soil (called Scenarios).

The comparison is carried out through a comparative table (Table 2) to better
understand the characteristics of the different photovoltaic projects, which shows the
best environmental sustainability of the innovation of the ANaV project.

Preliminary environmental assessments have consequently led to optimize the
ANaV photovoltaic technology, which is the most performing, in relation with the
reference geographic context (flatlands in the municipality of Cerignola, Foggia
Province in Puglia Region – Italy).

The geographic location and the characteristics of the ANaV project are
represented in the following images (Figures 2 and 3).

The ANaV Project allows a suitable realization of the initiative in the environmen-
tal context, safeguarding agricultural production and, simultaneously, positively
influencing the botanic, vegetational, and wildlife contexts of the area.

The visual characteristics of the ANaV project are represented in the following
representations (Figure 4) [3].

1 Complete title: Progetto per la realizzazione dell’impianto (ANaV) per la produzione di energia elettrica da
fonte solare della potenza complessiva di 99,42 MW, sito nel comune di Cerignola, località “San Giovanni in
Fonte” e relative opere di connessione nei comuni di Stornarella, Orta e Stornara (FG) Italia.
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The ANaV project is made up of modules on “single-axis trackers” for a total
capacity of 99.42MWp, suitably elevated from the ground and positioned in such a
way as to be best suited to agricultural activity on the same ground surface.
(Figure 5).

The photovoltaic modules (double-sided with nominal unit power of 605 Wp) are
1.3 � 2.2 m in size, and 4 cm thick. They are in pairs, mounted horizontally with
respect to the main axis of the tracker. Twenty-eight modules will be mounted on each
single-axis tracker.

The special structure of photovoltaic panels planned for the ANaV system allows
high flexibility in agricultural interventions both for machine accessibility and for the
selection of crops and cultivation methods (Figure 6).

The panel height from the ground ensures the proper airing in the underlying area,
favoring the normal growth of herbaceous vegetation and, contemporarily, preserving
the normal indigenous microbial activity of the soil; also, rainwater can flow below
without interfering with the normal underground drainage and storage.

In addition, the position of panels in parallel, equidistant rows, enables a rational
organization of cultivations and rotations and/or cultivation changes.

The cultivations envisaged by the ANaV project [4] produce a high remuneration
per hectare in front of high demands for labor. Their nature of root crops requires

Figure 1.
Conceptual table: environmental feasibility and its relation with the environmental assessment.
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Scenario 1 Scenario 2 Scenario 3 Scenario 4 (ANaV)

Type of system

Project
characteristics

Fixed mount
photovoltaic

Intensive agri-
voltaic (single-axis
trackers + super
intensive olive
growing system)

Diversified agri-
voltaic (single-axis
trackers +
diversified
agriculture)

Agri-natural-
voltaic (ANaV)
(single-axis
trackers +
diversified
agriculture and
renaturalization)

Usable
agricultural area

10% Net of the
ground surface
occupied by the
installation

30% Net of the
ground surface
occupied by the
system

76.35% Including
the sub-panel belts

89.32% Including
the sub-panel belts
and the green belts

Possible
cultivations

Artificial grassing
(non-natural, non-
spontaneous
species).
Working stages:
1. late spring/early
summer—soil
tillage, with
mechanical
weeding by
agricultural tractors
and inter-row
milling machines to
prevent fire risks
related to
spontaneous herbs
drying up.
2. winter—sowing
with conventional
agricultural
machinery.
3. early spring—
grass shredding.

Field farming in
spacings.
Setting up of a row
on a central axis
along a string line
with a stake at the
beginning and at the
end of the row for
good anchoring.
Non-cultivable
areas: near the
photovoltaic
modules, with the
max horizontal
covering, artificial
grassing (non-
natural, non-
spontaneous
species) will be
introduced.
Grass-cutting could
be unnecessary
since agricultural
crops could help
clean the areas
under the panels
with ecologic hot-
water weeding.

Field farming in
spacings
+ lateral belts under
the panel since the
tilting movement
enables land use for
agricultural crops.
The expected
growing area is part
of the existing
biological
agriculture and is
organized in long-
term (10 years)
crop rotations.
Adoption of
agricultural crops in
line with local crops:
artichoke;
asparagus; crop
rotation of cereals
and legumes; honey
plants; non-
cultivable areas near
the photovoltaic
modules, in a row of
about 1 m around
the panel support
poles.

Field farming in
spacings
+ lateral belts under
the panel since the
tilting movement
enables land use for
agricultural crops.
The expected
growing area is part
of the existing
biological
agriculture and is
organized in long-
term (10 years)
crop rotations.
Adoption of
agricultural crops in
line with local
farming: artichoke;
asparagus; crop
rotation of cereals
and legumes; honey
plants;
noncultivable areas
near the
photovoltaic
modules, in a row of
about 1 m around
the support poles.

Description of
renaturalization
operations and
relevant
management

No renaturalization
interventions to
stop spontaneous
colonization

No renaturalization
interventions to
stop spontaneous
colonization

No renaturalization
interventions to
stop spontaneous
colonization

A wide area on the
lateral belts of the
system is envisaged
for the development
of the surrounding
natural habitats
6220, arid
Mediterranean
meadows. This is a
semi-natural
environment,
residual with
respect to previous
agricultural use or
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Scenario 1 Scenario 2 Scenario 3 Scenario 4 (ANaV)

Type of system

Project
characteristics

Fixed mount
photovoltaic

Intensive agri-
voltaic (single-axis
trackers + super
intensive olive
growing system)

Diversified agri-
voltaic (single-axis
trackers +
diversified
agriculture)

Agri-natural-
voltaic (ANaV)
(single-axis
trackers +
diversified
agriculture and
renaturalization)

coming from sparse
grazing. Its
realization does not
only integrate the
installation area
with the
surrounding
environmental
mosaic, but it also
helps local
biodiversity and
grazing/beekeeping

Increase of
biodiversity

Increase of fodder
plant species,
limited by the
perennial shading
of some belts
caused by fixed
panels

Increase of fodder
plant species.
Partially limited by
the perennial
shading of some
belts caused by
fixed panels.

Increase because of
crop diversification
and fodder plant
species.
Minimally limited
by the perennial
shading of some
belts near the
structure mount.

Increase of
biodiversity that
maximizes the
integration between
agricultural and
naturalistic features.
Minimally limited
by the perennial
shading of some
belts near the
structure mounts.
The agronomic
module is part of a
wider scenario
integrated with the
naturalistic part that
is expected to use a
wide surface on the
lateral belts of the
installation for the
development of the
area natural habitat
(6220 – arid
Mediterranean
meadows)

Description of
agricultural
activities (use of
chemicals,
water
consumption,
etc.)

None Installation of a
system of drip
irrigation.
Phytosanitary
treatments with a
pneumatic nozzle
that channels water
jets only on one
side, and is trained
by a tractor.

Since the land
concerned is
presently managed
in a certified
biological regime,
also in the future
the organic
directives will be
valid, and therefore
special attention

Since the land
concerned is
presently managed
in the certified
biological regime,
also in the future
organic directives
will be followed,
and therefore
special attention
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Scenario 1 Scenario 2 Scenario 3 Scenario 4 (ANaV)

Type of system

Project
characteristics

Fixed mount
photovoltaic

Intensive agri-
voltaic (single-axis
trackers + super
intensive olive
growing system)

Diversified agri-
voltaic (single-axis
trackers +
diversified
agriculture)

Agri-natural-
voltaic (ANaV)
(single-axis
trackers +
diversified
agriculture and
renaturalization)

will be paid on the
organization of crop
rotations. Together
with the non-use of
active substances
(fertilizers or
pesticides), these
represent one of the
basic principles of
agricultural
sustainability.
Traditionally,
irrigation is not
planned (except in
case of emergency
and only for
artichoke crops).

will be paid on the
organization of crop
rotations. Together
with the non-use of
active substances
(fertilizers and
pesticides), these
represent one of the
basic principles of
agricultural
sustainability.
Traditionally,
irrigation is not
planned (except in
case of emergency
and only for
artichoke crops).

Description of
the project with
reference to the
landscape
(structural
reading)

Total, permanent,
and standardizing
modification of
farmland, which is
represented as a
totally used
productive area.

Partial and
permanent
modification of
farm landscape,
since part of the
land is used for
mechanized olive-
growing.

Partial and dynamic
modification of
farm landscape,
since free areas are
cultivated in
rotational crops.

Partial and dynamic
modification of
farm landscape,
since free areas are
cultivated in
rotational crops.
In line with the
landscape that
characterizes this
agricultural section,
the project includes
olive groves,
orchards, and
vineyards in the
perimeter belts of
the ANaV
installation,
following the
patterns and crops
existing across the
Provincial Road SP
83 (“tratturello,”
sheep track), and
the olive groves of
the agricultural
landscape along the
Provincial Road SP
95.

Description of
the project with

Total obstruction of
the perceptive

Total obstruction of
the perceptive

Dynamic partial
obstruction of the

Dynamic partial
obstruction of the
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Scenario 1 Scenario 2 Scenario 3 Scenario 4 (ANaV)

Type of system

Project
characteristics

Fixed mount
photovoltaic

Intensive agri-
voltaic (single-axis
trackers + super
intensive olive
growing system)

Diversified agri-
voltaic (single-axis
trackers +
diversified
agriculture)

Agri-natural-
voltaic (ANaV)
(single-axis
trackers +
diversified
agriculture and
renaturalization)

reference to the
landscape
(perceptive
reading)

vision due to the
type of the system

vision due partly to
the installation and
partly to super-
intensive olive
growing

optical cones
(longitudinal and
orthogonal):
longitudinal:
limited optical
obstruction since
the panels do not
interfere with the
landscape. As
regards the width of
the optical cone, the
view is open only
with horizontal
panels;
orthogonal: variable
according to the
panel orientation

optical cones
(longitudinal and
orthogonal):
longitudinal:
limited optical
obstruction since
the panels do not
interfere with the
landscape. As
regards the width of
the optical cone, the
view is open only
with horizontal
panels;
orthogonal: variable
according to the
panel orientation.
For consistently
integrating with the
landscape and
reducing the view of
the technological
parts, the project
envisages to
introduce orchards,
olive groves, and
vineyards in the
perimeter belts.

Farming
profitability

Grass cover is not
significantly
profitable.

The super-intensive
can dramatically
reduce the need for
labor, not only for
harvesting
operations (in the
traditional system
this means up to
80% of the total
costs) but also for
all the other
mechanized
operations such as
pruning or the
realization of the
plantation. With the
Super-Intensive
System (SHD 2.0
SmartTree), it is
possible to have a

Adoption of crops in
line with local
farming. Especially
orchards produce a
high remuneration
per hectare (against
high demands for
labor)
Supplementary
income
Introduction of
areas dedicated to
the cultivation of
melliferous plant
species for the
breeding of honey
bees (Apis mellifera)
hosted in hives
positioned under
the photovoltaic

Adoption of crops in
line with the local
cultivations.
Especially orchards
produce a high
remuneration per
hectare (with high
demands for labor).
Supplementary
income.
Introduction of
areas dedicated to
the cultivation of
melliferous plant
species for the
breeding of honey
bees (A. mellifera),
hosted in hives
positioned under
the photovoltaic
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cultivation in rows, that are well suited to the belt structure of the ANaV system.
Similarly, the reduced height gain makes it possible to position some rows also in the
area occasionally shaded by the tilting photovoltaic panels. Moreover, they do not
require bulky machines that could damage the panels.

The agricultural cultivations envisaged by the ANaV project are economically
effective in the agro-food district of Cerignola, with a supply chain of propagating
material (plants), cold storage, processing rooms, and transport systems.

Crops have been positioned by dividing the full land into four macro-areas, based
on the internal roads that actually allow the maneuvering of agricultural vehicles
(internal roads are 10 m wide, so maneuvering is easy) [5].

Each macro-area is characterized by cultivation continuity (Artichoke, Asparagus,
Cereals/Legumes), with the introduction of a belt of melliferous plants every 8 rows.

The belts cultivated with melliferous plants can also be crossed by vehicles since
the species selected to give the ground strong stability and have good crushing resis-
tance. For example, during the hand harvesting of the artichoke or the asparagus on
these belts, trainers can be used for carrying the produce (Figure 7).

Scenario 1 Scenario 2 Scenario 3 Scenario 4 (ANaV)

Type of system

Project
characteristics

Fixed mount
photovoltaic

Intensive agri-
voltaic (single-axis
trackers + super
intensive olive
growing system)

Diversified agri-
voltaic (single-axis
trackers +
diversified
agriculture)

Agri-natural-
voltaic (ANaV)
(single-axis
trackers +
diversified
agriculture and
renaturalization)

greatly improved
profitability,
especially thanks to
a significant
reduction of
laborers.

panels for ancillary
honey production
(Honey-Solar)

panels for ancillary
honey production
(Honey-Solar)

Integration with
local
agricultural
production

None Olive growing and
the production of
olive oil are typical
of the project scope.
This is a greatly
developed
agricultural sector
in the agro-food
district of Cerignola.

Existing local chain
supplies for
horticultural crops
(agro-food district
of Cerignola) and
cereal crops (large-
scale cultivation of
durum wheat for
pasta production in
the area of Foggia)

Existing local chain
supplies for
horticultural crops
(agro-food district
of Cerignola) and
cereal crops (large-
scale cultivation of
durum wheat for
pasta production in
the area of Foggia)

Employment Total loss of jobs in
the agricultural
sector.

High loss of jobs in
agriculture because
of a high level of
mechanization.

The adoption of
crops chosen in line
with local crops
does not cause
disturbances to the
local market,
including the labor
market

The adoption of
crops chosen in line
with local crops
does not cause
disturbances to the
local market,
including the labor
market

Table 2
Comparative table to understand the characteristics of different photovoltaic projects, in green the ANaV project.
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Considering the planned rotations, at the end of a profitable life of multiannual
crops (artichoke and asparagus)—expected to be 5 years—the surface for artichoke
cultivations will increase up to 60 hectares total (Figure 8).

The surface increase for artichokes rather than cereals/legumes also leads to a high
increase in the profitability of the ANaV system thanks to the high remuneration of
this horticultural production.

It is emphasized that the high innovation engendered by the ANaV system is due to
the maximization of the cultivable surfaces in the installation area.

In fact, the fenced area of the ANaV system, corresponding to 141.28 hectares, is
divided as follows:

• 124.28 ha for agricultural use;

• 10.80 ha are represented by a 1 m-wide belt under the photovoltaic modules that
cannot be used for agricultural purposes since it is shaded by the modules for
more than 6 hours a day;

Figure 2.
Geographic position of Cerignola site of the ANaV project.
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• 5.39 ha are used by roads, electrical substations and by the water storage tank (for
irrigation);

• 1.19 ha are occupied by a northern triangular area that will be used for agricultural
activities and for the photovoltaic installation (a small office, a shelter for
agricultural vehicles, storage of agricultural produce and lodgings for laborers).

Therefore, excluding the unproductive parts represented by roads, water storage
tanks and different annexes, only 7.6% of the surface cannot be used directly for agri-
cultural cultivations. However, it must be recalled that the hives are located on this area.

Figure 4.
Reconstructions of the ANaV environment.

Figure 3.
Detail of the site of the ANaV project.
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4. Conclusions

The ANaV project is made up of modules on “single-axis trackers” for a total
capacity of 99.42MWp. The project has a usable agricultural area of 124.28 ha
(89.32%) including the sub-panel belts and the green natural belts. Only 7.6% of the
surface cannot be used directly for agricultural cultivations.

The ANaV project is an example of environmental “innovation” that shows it is
possible to reconcile agricultural production, the increase of naturality, and photovol-
taic power production in a sensitive geographic context. The Project allows a suitable
realization of the initiative in the environmental context, safeguarding agricultural
production and, simultaneously, positively influencing the botanic, vegetational, and
wildlife contexts of the area.

Figure 5.
Plan view of the ANaV project.
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Figure 6.
Design dimensions for the ANaV system.

Figure 7.
Plan view of the crop layout in year 0.
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Chapter 6

Valorization of Forest Waste for the
Production of Bio-oils for Biofuel
and Biodiesel
Hammadi el Farissi

Abstract

Biomass is a renewable energy source to generate heat and electricity through the
enhancement of various organic materials. Cistus slow pyrolysis of seeds and shells
was carried out in a fixed bed reactor to determine the effect of pyrolysis temperature,
heating rate, and particle size on the performance of pyrolysis. Therefore, pyrolysis
experiments were performed at different temperatures, ranging from 300 to 500°C,
with heating rates varying from 10 to 70°C.min�1 for shells and 7 to 28°C.min�1 for
seeds. The particle sizes of samples range from 0.3 to 3.5 mm for shells and 0.075 to 1.2
mm for seeds. The highest yield of liquid products (53.31% for shells; 52.24% for
seeds) was obtained at a pyrolysis temperature of 450°C and a heating rate of 40°C.
min�1 for shells and 21°C.min�1 for seeds. The functional groups and chemical com-
pounds present in the bio-oil obtained under optimal conditions were identified by
FTIR. The calorific value of the bio-oil was equal to 37.05 and 37.93 MJ.kg�1 for shells
and seeds, respectively. The obtained results show that the bio-oil from the pyrolysis
of Cistus shells and seeds could be used as a renewable fuel or a source of pharmaceu-
tical and chemical raw material.

Keywords: bio-oil, bio-fuels, renewable energy, fixed bed pyrolysis, seeds of Cistus
Ladaniferus, rockrose, green energy, viscosity

1. Introduction

The world’s oil reserves are not eternal. Exploitation for fuel increases emissions of
greenhouse gases that contribute to climate change. Renewable biomass is a promising
alternative to petroleum-based products as a source of bio-energy and other bio-
products [1], as the chemical value. The condensed Biogas is a type of liquid fuel made
from biomass materials. As a kind of new cheap bio-energy, clean, green, bio-oil is
considered an attractive option instead of conventional fuel in the aspect of reducing
environmental pollution [2].

This study is motivated by a desire for development of natural resources to begin
we take as cistus products. The study consisted of pyrolysis byproducts cistus
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ladanifer [3]. The cistus pyrolysis regenerates solid carbon-rich products (char) and
condensable gaseous products (tar) and non-condensable (hydrocarbons). The pro-
cess of pyrolysis is the newest part of renewable energy, has been set up and provides
the benefits of a liquid product—bio-oil—which can be easily stored and transported
and used as a fuel, vector energy and a source of chemicals. Bio-oils have been
successfully tested in engines, turbines and boilers, and were up graded to high quality
hydrocarbon fuels but currently unacceptably energy and financial cost [4].

The slow pyrolysis is often linked to coal production and fast pyrolysis has been
linked to the production of bio-oil. The slow pyrolysis of biomass produces a high
content of carbon [5]. Pyrolysis safflower seeds (Carthamus tinctorius L.) of particle size
between 0.85 and 1.25 mmwith a heating rate between 10 and 100°C.min�1 and the
flow rate of nitrogen equals 100 cm3.min�1, the maximum yield was at 600°C for bio-oil
and expensive parallel 53 and 17%. The effect of pyrolysis temperatures, the particle size
and the rate of heating on the yield of the apricot kernel shells to pyrolysis temperatures
range from 350 to 700°C with a heating rate ranges from 7 at 10°C.min�1. For the lower
heating rate of 10°C.min�1, the carbonization yield is increased from 35.2 to 29.4%, as
the final pyrolysis temperature was raised from 400 to 550°C. Same results were also
observed by Gerc el [6], who studied the effects of different pyrolysis temperatures and
heating rates on pyrolysis (acanthium Onopordum L.)When the temperature pyrolysis
increased from 350 to 700°C the carbonization yield was increased from 38.3 to 24.1%
with a rate of 7°C.min�1 heating. The decrease in the carbonization yield with increase
in temperature could be due to either a larger primary decomposition of biomass at a
temperature above or in the secondary decomposition of the tank [7–10]. The gas yield
increased from 38 to 43%, with the same amount of increase in temperature. When the
temperature increases [11]. Yorgun et al studied the fast pyrolysis of sunflower cakes in a
tubular reactor. The effect of the final temperature, nitrogen flow rate and particle size
on the performance of pyrolysis products were studied. The maximum yield of oil 45%
by weight was obtained in the pyrolysis temperature of 550°C, with a flow rate of
1–300 cm3.min�1 sweep gas and the particle size of 0425 to 0850 mm [12, 13].

After a series of studies of characterization of the seeds and shells of cistus by the
different techniques of analysis, the determination of the percentages in carbon,
oxygen, hydrogen, and nitrogen as well as the determination of the percentages in
humidity, ash, fixed carbon, and volatile products, by the elementary analysis of the
biomass, we give a clear idea on the pyrolysis of the used biomass. The knowledge of
the above-mentioned data creates a good ground for the study of the different factors
that influence the yield of bio-oil obtained by pyrolysis. In this chapter, we will study
three main parameters that are: the effect of temperature, the effect of granulometry,
and the effect of the heating speed on the yield of the two biomasses used.

2. Materials and methods

2.1 Raw materials

Biomass is the whole of the organic products, plants, and animals used for energy
or agronomic purposes. The term biomass covers a very broad field: forestry waste,
industrial waste, agricultural waste, the fermentable fraction of household waste and
food industries, landfill biogas, or methanization products (sewage sludge, landfills,
etc.… ). In this chapter, the different experimental campaigns were carried out using
two types of biomass:
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We took the initiative to study two types of biomass (Figure 1), one with little ash
and the other with a lot more ash, in order to compare the different results and to be
able to provide solutions for each type of biomass exploited. The main characteristics
of the biomasses used are presented below.

2.2 Sample characterization

2.2.1 Determination of the moisture content

The moisture or water content designated by W of a sample is the ratio between the
mass of water contained in the sample to its anhydrousmass, if we use its total mass this:

This ratio will be designated by W.

W ¼ m0 �mað Þ
ma

∗ 100 (1)

Moisture is determined by subjecting a sample of known mass to oven drying
(103°C) for 24 hours until the mass becomes constant. The humidity can be expressed
as a percentage.

Relative to the anhydrous mass:

W0 ¼ m0 �mað Þ
ma

∗ 100 (2)

Or m0: Total wet mass of the sample in (g); and ma: Anhydrous mass in (g).

2.2.2 Determination of ash

The cistus seeds and these shells are impregnated samples were incinerated at 600° C,
to a constant mass in a muffle furnace.

Figure 1.
(a) Plant with fruit; (b) seeds; (c) seed powder; and (d) plant with flower; (e) shells; and (f) shell powder.
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The ash content, expressed as a percentage, is given by the equation:

Ash %ð Þ ¼ m1 �mcrð Þ
m2 �mcrð Þ ∗ 100 (3)

Where, mcr: Mass of the empty crucible (g); m1: Mass of the crucible and the ashes
(g); and m2: Mass of the crucible and the biomass intake (g).

2.2.3 Determination of volatile matter and fixed carbon

The volatile matter represents the vapors of organic compounds and gases released
by the biomass during pyrolysis, while the carbonaceous matter is the solid residue of
carbon that remains after volatilization. Determination of volatile matter and fixed
carbon for each sample was performed at 21°C.min�1 under an inert atmosphere for
seeds and 40°C.min�1 for shells in a fixed bed pyrolysis reactor.

The volatile matter is determined by the formula:

Mat:Vol %ð Þ ¼ ma �mvð Þ
m0

∗ 100 (4)

Where: m0: Initial mass of the sample; ma: Mass of the dry sample (g); mv: Mass of
the devolatilized sample (g); mC: Mass of ash (g).

The difference between the mass of the devolatilized sample (mv) and that of the
ash (mC) represents the fixed carbon, designated by C. Fixed, whose mass percentage
is given by the equation.

%ð Þ C:Fixed ¼ mv �mcð Þ
m0

∗ 100 (5)

The results of the various analyses are summarized in Table 1.

2.2.4 Elementary analyses

The values measured are comparable to the results obtained by the pyrolysis of
olive stones [1, 2] and those obtained by the pyrolysis of castor oil [14–17]. The
contents of sulfur and nitrogen obtained by the different samples are low compared to
the other references. Table 2 presents the elemental composition of pyrolysis by-
products in the literature and the values obtained from different samples in this study.

According to the results obtained our biomass presents a significant percentage in
C which is higher compared to other biomasses such as olive seed, and castor for

Seeds (%) Shells (%)

Moisture 13 7.3

Ash 9.6 2.94

Volatile matter 69.76 74.82

Fixed carbon 7.64 14.94

Table 1.
Characterization of different samples studied.
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example which does not exceed 59%, and for wood and coconut shells it is equal to
53.9 and 57.3% respectively [19]. On the other hand, the other elements like Oxygen,
Nitrogen, Hydrogen, and Sulfur are lower than the biomasses quoted in Table 2.
These values give the advantage to study the seeds and the shells of cistus for the
production of bio-oils with the aim of transforming them into biofuels which are the
vectors of actuality.

2.2.5 Analysis of the functions by FTIR

One introduces 2% of the sample with 98% of KBr then crushes the mixture to
prepare pellets. We put the pellet in the support of infrared apparatus we obtain the
spectra below.

Fourier transform infrared (FTIR) analysis of the raw material, seeds, and shells of
cistus in Figure 2 shows free -OH bonds at 3658.07 cm�1 and broadband of the bound

Literature C H O N S

Olive Seeds (Mehmet et al) 47.36 6.04 45.52 0.96 0.12

Olive Kernel (Elena Fernandez Ibañez) 49.9 6.2 43.3 — —

Castor seeds (T.Hassan, R.Lakhmiri) 59.25 7.15 29.94 3.20 0.46

Castor shells (T.Hassan, R.Lakhmiri) 49.8 5.3 43.9 0.9 0.1

Karanja Seeds [18] 53.04 7.32 35.53 3.94 0.18

Cistus Seeds 68.7 4 26.4 0.74 0.16

Cistus Shells 69.03 3.75 26.49 0.68 0.05

Table 2.
Elemental composition of same biomass compared with cistus seeds and shells.

Figure 2.
FTIR spectrum of cistus shells and seeds.
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-OH group, =CH2 groups from 2866 to 3078 cm�1, peaks of phosphene from 2280 to
2410 cm�1, C=O bonds of the β-lactams with four centers from 1600 to 1720cm�1, of
aliphatic ketones 1705 to1725 cm�1, C=C bonds of aromatics and phenols from 1550 to
1600 cm�1, aromatic amines at 1515 cm�1, C-O bonds of esters from 1210 to 1260 cm�1,
P-O-C bonds of phosphene at 1055 cm�1 and from 530 to 580 cm�1 of C-N bonds of
nitriles, C-H bonds of mono and di-substituted aromatics from 650 to 900 cm�1 and
finally the presence of cyclanes from 415 to 580 cm�1. It can be concluded that the
infrared spectroscopy confirms the important percentage of oxygen in the biomass by
the presence of oxygenated groups like acids, Esters, Alcohols, Ketones, and Ethers.

2.2.6 Calorific values

The calorific values are calculated by a calorimetric bomb Leco501–053 Acetani-
lide. These values obtained are also compared to other biomasses. The results are given
in Table 3.

According to the results of the Table 3, the seeds of cistus and their shells present a
better calorific value of 25.12 MJ.kg�1 and 23.29 MJ.Kg�1 respectively. To our knowl-
edge it is the highest in comparison with other biomasses cited in the literature and
which are presented in Table 3, therefore, the biomass used is a very good source of
bio-oil or biofuels of second generation for a sustainable environment and economy.

2.3 Experimental setup

2.3.1 Experimental procedure

The experiments were conducted to determine the influence of the pyrolysis
temperature at a heating rate varying from 7 to 28°C.min�1 for seeds and from 10 to
70°C.min�1 for shells. The experiments were carried out in an apparatus designed
with a cylindrical semi-batch reactor, in the shape of a vessel made of stainless steel,
inserted vertically into an electrically heated oven (Figure 3). The temperature is
controlled by a PID controller. The biomass sample (seeds or cistus shells) is intro-
duced into the reactor during pyrolysis. The vapors generated from the reactor were
condensed in a condenser cooled with chilled water. Figure 3 represents the
experimental setup.

After each experiment, the condensed liquid is collected in the cylindrical measur-
ing device. After pyrolysis, the solid residue was collected and weighed. The sample

Material Calorific Value MJ.kg�1

Castor seeds [15] 24.47

Castor shells [16] 18.9

Black cumin seeds [20] 22.46

Karanja seeds [21] 22.38

Cistus seeds 25.12

Cistus shells 23.29

Table 3.
Calorific values of the raw material.
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inlet of biomass and charcoal were solid measured by the electro weighing machine
balance with an accuracy of �0.01 g.

2.3.2 Pyrolysis reactor

The reactor is a fixed bed (Figure 4). The detailed drawings are provided in part
(2.3.1). It consists of a 310 AISI47 refractory stainless steel tube with an internal
diameter of 60 mm and a total height of 150 mm. The head of the reactor is removable
so that the bed can be introduced and then recovered at the end of the experiment. The
whole reaction zone, between the diffuser and the gas outlet at the top of the reactor,
has a total height of 150 mm. It includes the bubbling bed and the disengagement zone.

Figure 4.
Photography of reactor.

Figure 3.
Pyrolysis experimental set-up. Description: (1) elevator, (2) vertical tube farnace, (3) biomass sample, (4)
pyolysis reactor, (5) temperature controller (PID), (6) water out, (7) condenser, (8) water in, (9) gas release,
(10) ice bath, (11) condensate, (12) liquid, and (13) metal support.
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3. Results and discussion

To carry out this study we are obliged to fix the other parameters like particle size and
heating rate as well as residence time.We introduce 15 g of the cistus seeds into the reactor
which is fedwith an electric current. The different resultswill be presented in the following
sections. The yields of different pyrolysis products are calculated by the difference
between the initial weight and the final weight which is the solid (char) that remains in the
reactor. The liquid (Bio-Oil) which is taken in a graduated cylinder and the percentage of
gas escaped to the atmosphere were calculated by the following relationship:

%Gas ¼ 100� %Solidþ%Liquidð Þ (6)

In this step the particle size is fixed between 0.3 and 0.6 mm, to determine the
effect of temperature. Using the results of the first experiments we have done we have
found that the best yields in bio-oils are expected at a temperature equal to 450°C. At
this stage we have already determined the main factor which is the temperature, and
then it only remains the speed of heating that we vary from 7 to 28°C.min�1. So, we
take this conclusion in hand and we begin the study by the variation of the speed of
heating from 7 to 28°C.min�1 each time, we calculate the yield of the obtained bio-oil.
We deduced that for a heating speed lower than 21°C.min�1 we have yields of bio-oil
less than 52.24% the same thing for speeds higher than 21°C.min�1. Finally, we find
that the optimal speed for this study is equal to 21°C.min�1.

The diameter of the particles is fixed between 0.3 and 0.6mm. 15 g of rockrose seeds
are introduced into the fixed bed reactor and the temperature is changed between 300 and
500°C.The yields of the products of pyrolysis are calculated by the difference between the
initial weight and the final weight that constitutes the solid (char) that remains in the
reactor, the liquid (HP) that is taken in a graduated test tube, and the percentage of the gas
that has escaped in the atmosphere were calculated by the relation of Eq. (6).

3.1 Cistus seeds

3.1.1 Effect of temperature on pyrolysis yield with dp (0.3 ≤ dp ≤ 0.6 mm)

Figure 5 represents the pyrolysis yields of cistus seeds with a heating rate of 21°C.
min�1 starting from a temperature of 300°C. The yields of charcoal, pyrolysis oil and gas
are quite close.When the temperature increases from 300 to 400°C we observe, on the
one hand, an increase of liquid from 34.7 to 51.76%, and on the other hand a slight
decrease of coal yield and gas yield down to 18.2%. In the range of 400 to 425°C, the liquid
continues to increase along with a decrease in gas yield. At temperatures between 425 and
475°C a plateau of yield for the three (Bio-Oil, solid and gas)was noticedwith amaximum
yield of liquid at 450°Cwhich is equal to 52.24%. From 475 to 500°Cwe observe a drop in
the yield of solid and liquid in parallel and an increase in the yield of gas.

For the sizes that vary between 0.3; 0.4 and 0.5 mm at the same temperature we
notice a small variation in the yield of pyrolysates which is equal to 0.2%. For this
reason we have taken the particle size between 0.3 and 0.6 mm to complete the study.

3.1.2 Effect of heating rate on pyrolysis yields

Figure 6 shows the effect of heating rate on pyrolysate yields. The liquid and gas
yields increase from 43.2 to 52.24% and from 27.60 to 17.51%, respectively when the
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heating rate is increased from 7 to 21°C.min�1. The increase in liquid yield with
increasing heating rate may be due to higher heating rates breaking thermal barriers
and mass transfer in the particles. The gas yield also increases with increasing heating
rates due to the cracking of pyrolysis vapors at higher heating rates. The solid yield
was increased slightly from 29.2 to 30.24 wt% when the heating rate was increased
from 7 to 21°C.min�1.

3.1.3 Effect of particle size on pyrolysis yields

The effect of particle size on the yields of pyrolysis products is shown in Figure 7,
under the temperature of 450°C and the heating rate equal to 21°C.min�1. Oil yield
increased from 38 to 43.07% followed by a slight decrease in solid yield from 33.4 to

Figure 6.
Effect of heating rate on pyrolysis yields of seeds.

Figure 5.
Yield of pyrolysis products at various pyrolysis temperatures of seeds.
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32.11 wt% and gas yield decreased from 28.6 to 24.82 wt% when the particle size
increased from less than 0.075 to 0.15 mm and from 0.15 to 0.3 mm. And for particle
sizes from 0.3 to 0.6 mm, the bio-oil yield follows a progressive increase until the
maximum yield of 52.24%.

On the other hand the yield of gas and solid decreases from 24.82 to 17.51% and
from 32.11 to 30.24% respectively. For particle sizes from 0.6 to 0.9 mm, the solid
yield increases to 35.1%, and the gas and bio-oil yields decrease from 17.51 to 17.3%
and from 52.24 to 47.6% respectively. For smaller particle sizes, the yield favors
cracking hydrocarbons. The increases in solid yield with increasing particle size for
the biomass sample could be due to a greater temperature gradient, within the parti-
cles. Thus at some point, the core temperature is lower than the surface temperature,
this eventually gives rise to an increase in solid yield.

3.2 Cistus shells

3.2.1 Effect of temperature on the pyrolysis yield

Figure 8 shows the slow yields of pyrolysis products of cistus shells with the
particle size of 2–3 mm at different temperatures from 300 to 500°C. The liquid yields
and gas increased 38.53 to 44.6% by weight and 23.64 to 26.49%, respectively, while
the solid yield decreased from 47.82 to 28.91% when the pyrolysis temperature is
increased from 300 to 400°C.

In the temperature range of 400 to 450°C, it is observed a small decrease in solid
and gas pass yield of 28.91 to 25.18% and from 26.49 to 21.51%, respectively, and the
yield of bio-oil follow the increase maximum yield which was 53.31%. The low yield of
liquid and low temperature gas is due to the incomplete decomposition of the shell.
The decrease in the bio-oil yield and the increase in the gas yield of 47.11 and 28.6%
respectively were observed at 500°C could be due to secondary cracking pyrolysis
vapor and solid char. Similar results were observed in the study slow pyrolysis fixed
bed of Carpinus Betulus residues (U. Morali et al), the same trend was predicted by
other researchers (Kar Yakup and Ilknur Demiral) different Pyrolysis of the liquid
could be due to different biomass components.

Figure 7.
Yield of pyrolysis products with different particle size seeds.
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3.2.2 Effect of particle size on pyrolysis yields

The effect of particle size on products yields was assessed by running pyrolysis
experiments with a final temperature of 450°C and heating rate equal to 40°C.min�1.
Results are summarized in Figure 9. The lowest oil yield (35%) was obtained using the
feedstock of tiniest particles (0.3–0.6 mm), which conversely afforded the maximal
amount of gas products (38%) and a charcoal yield equal to 27%. When the particle
size was increased to 1–2 mm, the oil yield was incremented to 48%, while both gas
(27%) and char (25%) yields decreased.

The peak of oil production (yield = 53.31%), in conjunction with a further decline
of gas (20%) and char (26.69%) yields, was achieved using 2–3 mm particles. Inter-
estingly, the formation of charcoal (yield = 32.1%) reached a maximum when biggest

Figure 9.
Yield of pyrolysis products with different particle size shells.

Figure 8.
Yield of pyrolysis products at various pyrolysis temperatures of shells.
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particles (3–3.5 mm) were used, showing a significant effect of particle size on the
performance of carbonization processes. On one hand, the use of smaller particles
could promote the cracking of hydrocarbons, and the longer residence time of vola-
tiles in the reactor would lead to the decrease of liquid yield. On the other hand, the
increase of biomass particles size could produce a larger temperature gradient within
the particles, so that at some point, the core temperature is lower than the surface,
which might possibly lead to an increase in solid products yield.

3.2.3 Effect of heating rate on pyrolysis yields

Pyrolysis of cistus shells with particle size from 2 to 3 mm was next performed
with a final temperature of 450°C and different heating rates. As shown in Figure 10,
both oil and gas yields evenly grew upon increasing the heating rate from 10 to 40°C.
min�1, passing from 48.33 and 19.20%, respectively, at 10°C.min�1 to 53.31 and
21.5%, respectively, at 40°C.min�1. The char yield dropped from 32.47 to 25.19%. This
change can be ascribed to the shorter residence time and reduced incidence of crack-
ing for pyrolysis vapors, which also account for the increased yield of tar. At 40°C.
min�1, the optimal heating rate for the production of oil (yield = 53.31%), the yields of
charcoal and gas underwent a further slight reduction. Finally, for heating rates
greater than 40°C.min�1, decreased oil yield against increased solid and gas yields due
to the fast pyrolysis of cistus seeds were observed.

3.3 Bio-oil

The obtained bio-oil is characterized by FTIR spectroscopy to determine the dif-
ferent functional groups existing. Figures 11 and 12 shows the infrared spectrum of
the bio-oil of cistus seeds and shells. Tables 4 and 5 represents the results of elemental
analysis of the bio-oil and the calorific values.

The analysis of the bio-oil of cistus seeds by Fourier Transform Infrared (FTIR)
(Figure 11) shows the C-H bonds of cyclobutane in symmetrical and antisymmetrical
vibration between (2800–2900 cm�1), the aliphatic ketones (1705–1725 cm�1), the
C=C bonds of aromatics and phenols between (1550–1600 cm�1), the C-O bonds of

Figure 10.
Effect of heating rate on pyrolysis yields of shells.
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esters between (1210–1260 cm�1), C-OH bonds of primary and secondary alcohols
between (1050–1080 cm�1), and between (1110–1220 cm�1), C-N bonds of aromatic
amines between (1020–1220 cm�1), C-H bonds of mono and disubstituted aromatics
between (650–900 cm�1) and finally the presence of (Z) and (E) isomers of alkenes
between (650–750 cm�1) and (950–1010 cm�1).

Bio-oil analysis of cistus shells by oven transformation (FTIR) (Figure 12), shows
-OH groups of phenols and acids between at 3352.67 cm�1 and 2622.47 cm�1

respectively, the C=O of acids at 2173.98 cm�1 and aromatic ketones at 1697.75 cm�1,
the C � C of alkynes at 2118.51 cm�1, the C=C of alkenes at 1642, 10 cm�1 and, the
C-N of amines at 1516.63 cm�1, the C-H of aldehydes at 1370.73 cm�1, the C-N of
aromatic amides at 1275.43 cm�1, the C-O of esters and ethers at 1082.50 cm�1, the
nitrile groups -NO2 at 930.64 cm�1 and finally the C-H bonds of polycyclic and
substituted aromatic groups between 679 and 757.04 cm�1.

Figure 11.
FTIR spectrum of bio-oil (Cistus seeds).

Figure 12.
FTIR spectrum of bio-oil (Cistus shells).
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The results of Table 5 shows that our bio-oil extracted by fixed bed pyrolysis
contains more carbon compared to Apricol, hornbeam and walnut shells, but the
percentage of oxygen in the bio-oil is smaller than Apricol, hornbeam and walnut
bio-oils. In addition, we observe a total absence of sulfur in our bio-oil. We do not
forget that the energetic value of the bio-oil is the highest compared to the bio-oils
quoted in the literature and close to that of the oil which varies from 40 to 44 MJ.kg�1

(Table 6).
The second method for the measurement of the kinematic viscosity is obtained by

measuring the time of flow of a given volume of liquid under the effect of gravity (the
dynamic viscosity (η) in (g.cm�1.s�1 or mPa.s) of a fluid is obtained by multiplying its
kinematic viscosity (γ) in (cm2.s�1 or stokes (cSt)) by its density (ρ)). Experimentally

Element Ultimate analysis (w/w %)

Cistus seeds [22] Castor [15] Sesame [23] Mustard Neem Jatropha Rapeseed

C 71.5 70.5 45.19 47.47 42.52 59.17 45.92

H 11.85 10.35 7.55 5.73 4.52 6.52 6.21

N 0.63 5.1 7.26 6.16 1.87 0.38 6.90

S NI NI 0.72 1.74 1.30 NI 0.88

O 16.02 14.05 39.27 38.91 49.79 33.93 40.09

H/C 1.99 1.75 0.17 1.45 1.28 NI 1.62

O/C 0.17 NI NI NI NI NI NI

HV(MJ/kg) 37.93 36.5 19.78 20.5 18.20 13.55 19.84

Formula CH1.99O0.17N0.01

Table 4.
Elemental analysis of bio-oil from seeds.

Element Ultimate analysis (w/w %)

Cistus Shells Castor
[16]

Apricol Kernel
[11]

Hornbeam (Charme)
[24]

Walnut (Noix)
[25]

C 71.7 74.5 64.45 66.42 59.89

H 14.87 10.76 8.24 6.93 7.33

N 0.54 2.56 0.81 1.54 0.5

S NI NI NI NI 0.02

O 12.89 11.78 26.50 25.11 32.26

H/C 2.49 1.76 1.53 1.24 1.74

O/C 0.21 0.12 NI NI NI

Calorific
Value
(MJ/kg)

37.05 35.01 27.19 30 25.01

Formula CH2.49O0.21N0.01 NI

Table 5.
Elemental analysis of bio-oil from shells.
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not having a viscometer the measurement of the time of flow of a volume V = 10 cm3

of liquid in a graduated burette of length 20 cm, the temperature of 20 °C the results
are grouped in Table 7 gave: η = γ/ρ with ρ in g.cm�3 [26].

We can deduce from the unit of kinematic viscosity the relationship that links the
volume of liquid, the time of decantation and the length of the burette γ = V/L.t These
results allow to highlight the small difference in viscosity between the bio-oil of seeds
and shells of cistus and biodiesel. So we can improve the density of our bio-oil by

Samples Density Speed limit A B Dyn. Viscosity Kin. Viscosity

mg cm�3 cm.s�1 cm.s�2 s�1 η (mPa.s) η (mm2.s�1)

Bio-oil (seeds) 897.6 1.0182 6.5487 6.4317 3.8693 4.3107

Bio-oil (shells) 881.3 1.0521 6.6078 6.2806 3.7784 4.2871

Commercial Diesel 1 829.9 1.2109 6.7947 5.6113 3.3758 4.0677

Commercial Diesel 2 829.4 1.2268 6.7965 5.5400 3.3329 4.0185

Commercial Diesel 3 830.3 1.2475 6.7931 5.4454 3.2760 3.9454

Table 6.
Properties physicochemical experimental obtained by the mechanic study.

Samples Time Distance Dyn Viscosity Kin Viscosity Volume

t (s) d (cm) γ (mPa.s) η (mm2 s�1) V (cm3)

Bio-oil (Seeds) 0.116 20 3.869 4.310 10

Bio-oil (Shells) 0.118 20 3.734 4.237 10

Commercial Diesel 1 0.126 20 3.293 3.968 10

Commercial Diesel 2 0.125 20 3.318 4000 10

Commercial Diesel 3 0.128 20 3.243 3.906 10

Table 7.
Properties physicochemical experimental obtained by the volume study.

Physical properties Cistus Commercial

Seeds Shells Diesel 1 Diesel 2 Diesel 3

Appearance Typically a dark brown free flowing liquid Yellowish

Odor A distinctive smoky smell Aromatic

Calorific value (MJ Kg�1) 37.93 37.05 41.50 43.20 42.35

Density (mg cm�3) 897.6 881.3 829.9 829.4 830.3

Dyn Viscosity (mPa.s) 3.768 3.716 3.306 3.255 3.254

Kin Viscosity (mm2 s�1) 4.198 4.217 3.986 3.922 3.919

pH 3.8 4.02

Miscibility Methanol, Ethanol, Toluene, diesel, and Petrol

Table 8.
Fuel properties of cistus seeds and shells pyrolysis oil.
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adding a percentage of ethanol to increase the calorific value and thus bringing its
density closer to the density of commercial fuels. To improve the bio-oil we can refine
it by the reactions of trans-esterification to mimic the acids and the methyl esters of
the vegetable oils as well as the ethyl ethers.

To confirm the experimental results found in this study concerning viscosity and
density, measurements results are obtained at 20°C, were made using an apparatus
(Anton paar DMATM4500M) with a (Software Version 2.93.9364.129) (Table 8).

4. Conclusion

A parametric study focused mainly on the impact of temperature, size and heating
rate on the yield of pyrolysates. The ex-beech liquids show high solid residue and gas
contents, good homogeneity and yields up to 52.24% for seeds and 53.34% for shells at
450°C. Chemical analyses were also carried out to characterize the pyrolysis products
obtained in order to determine the oxygen, carbon and hydrogen contents in the solid
residues and in the liquids.

So far, the percentage of C,O,N andHof the pyrolysis oils as awhole is high compared
to other biomasses located in the literature and also present important and very high
calorific powers in comparison with wood and with other biomass as castor, black cumin,
karanja, apricol, walnut and hornbeam Themain innovative character of this study lies in
the adopted approachwhich consists in valorizing the bio-oils of pyrolysis, in particular in
the production of biofuels in a first time and in a second time the synthesis of chemical
productswith the aim of use in cosmetic, pharmaceutical and food. Thevalorization of the
solid (charcoal) as a bioadsorbent which will be detailed in another chapter.
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Abstract

The healthcare sector has had a relatively late implementation of environmental 
thinking in its setup. “Green electronic technologies and go green healthcare system” 
has recently evolved to address the biodegradability and biocompatibility issues faced 
by inorganic electronics and non-biodegradable materials. Green healthcare has 
the capability to promote global health both directly and indirectly. With the rise in 
environmental degradation, utilizing innovative ‘Go Green’ strategies in ophthalmol-
ogy is of utmost importance. It has been structured to imbibe environmentalism into 
healthcare. In this chapter, we have emphasized a few simple patient point of care 
(POC) innovations in the field of ophthalmology that could transform the future of 
disease management toward a much more sustainable model by reducing resource 
and energy consumption. We have discussed how we innovated the novel coronicle 
(corona + cubicle) during the COVID-19 era, which housed all the essential oph-
thalmic gadgets and was interconnected using the local area network (LAN) for data 
access in patient care. Turning to patient counseling, we have highlighted how our 
innovative and cost-effective 3D augmented reality, and 4D holographic diagnostics 
and counseling platforms are effective in replacing the conventional paper-based 
system.

Keywords: green electronic technologies, patient point of care, 3D augmented reality, 
4D holographic diagnostics, counseling platforms, go green, ophthalmic cubicle

1. Introduction

Environmental changes are considered by many as the major long-term threat to 
global health in the 21st century [1]. To keep an eye on that, worldwide communities, 
governmental agencies or international research programs like Green Program 2030 
have made massive, concerted efforts to launch new visions in the economy, society, 
and healthcare sector such as green building, green cities and other go green initiatives, 
but, global environmental issues and its potentially catastrophic effects are accelerating 
faster than anticipated [2–6]. Healthcare services are more substantial contributors 
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to climatic changes as it generates the most diverse both non-biodegradable and 
biodegradable biohazard waste materials in large quantities; compared to any other 
commercial sector. At least 15% of that are highly hazardous and not managed in an 
environmentally safe manner [7, 8]. In addition, the percentage of plastic in medi-
cal waste may be as high as about 20–30% [9]. Moreover, since the first outbreak 
of coronavirus disease (COVID-19) early in 2020, eight million tons of pandemic-
associated waste (plastic) have been generated globally, contributing to environmental 
degradation and climatic change [10–12]. It is a known fact that healthcare services are 
significant contributors to total national greenhouse gas emissions, such as 10% in the 
United States of America (USA), 7% in Australia, 5% in Canada and Japan, 4% in the 
United Kingdom (UK) and 1.5% in India [3, 13–17].

Without question, modern eye care practice, as a high-volume service, generates 
an enormous amount of non-biodegradable trash regularly, and it all starts with 
any organization’s routine surgical and outpatient department (OPD) procedures, 
whether in private practice or academia or somewhere in between. For instance, 
ophthalmology is a high-volume speciality, accounting for 8·1% of hospital outpatient 
visits nationally in 2018–2019 in the UK [18]. Consequently, all eye healthcare centres 
in the world face numerous challenges, including inaccessibility of good services, 
rising costs, and an increase in environment-related pollution.

The adverse effects of ophthalmic healthcare delivery on the environment will 
probably increase daily. There are many innovations implemented to solve this prob-
lem, and demand is rising as the world population grows and ages. In this chapter, 
we have discussed one such emerging green concept; by embracing this concept, eye 
hospitals mainly benefit in terms of energy-saving, which can also lead to monetary 
savings. The green color is indicative of the effort taken to create an eco-friendly 
healthcare system. Going green involves waste reduction, and energy and resource 
conservation in the modern healthcare system, which requires expensive, energy-
intensive processes in the use of water, lighting, heating, cooling, ventilation, and 
waste disposal [19]. As per estimates, 15 to 30% of energy and around 30% of water 
could be saved in this process. Usage of general lighting, compact fluorescent lamps 
(CFLs) and light-emitting diode (LED) lamps can reduce energy consumption by 
15–30%, 30% and 45–50%, respectively [12]. The Indian Green Building Council 
(IGBC) and Green Rating for Integrated Habitat Assessment (GRIHA) are the green 
building rating systems that help review the requirements and aid in setting up goals 
for green projects by targeting elements of sustainability [12].

The medical community has already implemented green practices in various surgi-
cal units, such as in cataract surgery and surgical waste disposal. Still, the functioning 
of green teams should be beyond the hospital setting when involving long-term care 
or outpatient clinics [20]. In this chapter, we have discussed simple patient point of 
care (POC) innovations for diagnosing eye diseases and counseling platforms toward 
a much more environment-friendly culture in the OPD.

2. Green outpatient department and clinics

A healthy work environment is essential in healthcare not only to care for its 
own but to model for society at large the value of a healthy environment maintained 
according to principles of sustainability [21]. The essential principles of green clin-
ics are to create a workspace that is safe and effective for both the patient and health 
workers and provides a sustainable model for long-term global health.
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2.1 Coronicle (Corona +cubicle)

With the emergence of the COVID-19 pandemic, many drastic changes were made 
in the ocular healthcare system to provide quality healthcare without compromis-
ing safety and functionality, while also considering greener strategies [22, 23]. One 
such innovative practice pattern was the ophthalmic coronicle (cubicle) which was 
constructed to ensure safety for both healthcare workers and OPD patients in a high-
volume urban private set-up [24].

2.1.1 Establishment of the Coronicle

During the COVID-19 pandemic, the pre-COVID waiting hall of approximately 
450 square feet was converted into a state-of-the-art investigation coronicle of 256 
square feet for comprehensive ocular examination (Figure 1). Dimensions of the 
coronicle were 16 feet in length, 16 feet in breadth, and 8 feet in height; since only 
a minimal area was utilized for patient examination, the usage of electricity was 
reduced greatly, contributing to environmental sustainability. Acrylic sheets, alumi-
num beading, fevicol, araldite paste, and a jigsaw cutting blade were used to build the 
coronicle in a do-it-yourself (DIY) template. A detailed cost analysis of the materials 
and the total cost of setting up the coronicle are provided in (Table 1) [24]. There 
are two slit lamps, two electronic medical records (EMR) computer systems, and one 
auto refractometer, lensometer, confocal fundus capture device, spectral-domain 
optical coherence tomography (OCT), optical biometer, manual keratometry, corneal 
topography, and non-contact tonometer (NCT) encompassed inside the coronicle 
(Figure 2), which were interconnected via local area network (LAN). The coronicle 
has proved to be effective over a period of two years (June 2020–July 2022) with 
the majority of the patients only needing the services available within the coronicle 
(p = 0.00). Table 2 provides the details of the number of patients requiring the 
services available within and outside the cubicle during this time period.

Figure 1. 
Image showing the coronicle (corona + cubicle) in the pre-COVID waiting hall.
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2.1.2. Go green with Coronicle

As all the ophthalmic instruments need maintenance via good air conditioners for 
their longer sustainability, keeping each instrument in a different room ends up with a 
great amount of electricity consumption as well as a higher number of manpower, which 
is a major contributor to the carbon footprint. Air conditioners release potent greenhouse 
gases into the air causing insulation of our planet; it is a major contributor to global 
warming. Before the implementation of the coronicle, the total electricity consumption 
of the hospital was approximately 22,000 kilowatts per month, which has effectively 
reduced after the implementation of the coronicle to approximately 13,000 kilowatts per 
month. So, instilling all the gadgets in a single coronicle can effectively reduce the usage 
of the number of air conditioners as well as the number of tube lights, which in turn can 
reduce the consumption of electricity and can lead to a climate-friendly and energy-
efficient healthcare facility. This way eye care hospitals can take initiative to address 
global environmental health for the future and present-day generations.

2.2 Local area network (LAN)

2.2.1 Features of LAN

Similarly, during the pandemic, along with the coronicle, we were able to opti-
mally utilize LAN, which interconnects all the ophthalmic gadgets to the personal 
computer (PC) (Figure 3). As a result, it amplifies the functionality of holistic eye 
examination using a single internet connection [25]. In cases with multi-modal 
imaging and testing, LAN plays a vital role by not only connecting the devices but also 
providing in-depth data without compromising on quality.

2.2.2 Setting up the LAN framework

The LAN networking is implemented by a sixteen-port switch (Figure 4a) present 
inside the coronicle which is connected to the CISCO (Commercial and Industry 

Materials Dimensions Price/unit (GBP) Quantity Amount (GBP)

Acrylic Sheet (8 mm thickness) 16*8 feet 4.61/square feet 4 2358.29

Aluminum Beading (4*4-inch 
thickness)

16 feet length 4 146.56

Aluminum Beading (2*2-inch 
thickness)

8 feet length 20 146.56

Screws, nuts, and bolts 18.84

Adhesives (fevicol + araldite) 26.17

Lock for sliders and door 8.37 9 75.37

Air Conditioner 2 tons 471.07 1 471.07

Labour charges 0.84/square feet 214.39

Cutting charges 39.78

Total 3497.03

Table 1. 
Materials used for assembly the cubicle and their cost dynamics.
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Security Corporation) switch (Figure 4b) inside the server room placed in a 6 U rack. 
CISCO allows the connected devices to share information and communicate with 
each other on the same network inside the building for high-security purposes. LAN 
also link wireless access points, printers, xerox machine, scanners and servers on the 
same network for extra facilities. Each ophthalmic gadget has a unique IP address; 
for example, 192.168.1.16 has been given to the fundus capture device, and its associ-
ated computer has an IP address of 192.168.1.15. An IP address can be set by follow-
ing these three simple steps (Control Panel- > Network and Internet- > Network 
Connections- > Use the following IP address). In this example, we have assigned an 
IP address of 192.168.1.16. Once the IP address is allotted for that specific gadget, the 
same address is entered in the web browser of the PC desktop placed near the doctor’s 
slit lamp for activating the screen-sharing relay display from the machine (Figure 5).

Figure 2. 
All the essential ophthalmological instruments required for an eclectic setup inside the coronicle (a) optical 
biometry (b) optical coherence tomography, (c) corneal topography, (d) manual keratometry, (e) non-contact 
tonometer, (f) confocal fundus photography, and (g) slit lamp biomicroscopy.



Advances in Green Electronics Technologies in 2023

140

Figure 3. 
Image showing various devices linked via local area network (LAN) interconnectivity.

Total patients

Month Total 
OPD

Inside Cubicle Percentage

Slit Lamp Lenstar Sirius Fundus NCT OCT

2020 19,181 19,101 3185 3185 14,207 13,910 1965 94.94%

2021 38,390 38,268 5221 5221 25,108 27,467 4328 96.50%

2022 27,564 27,502 4053 4053 12,359 20,242 4120 95.16%

Total 85,135 84,871 12,459 12,459 51,674 61,619 10,413 95.71%

Month Total 
OPD

Outside Cubicle

Synopto 
Phore

B-scan Pachy 
Metry

Specular Visual 
Field

IO

2020 19,181 30 720 6 9 60 2136 5.06%

2021 38,390 150 1330 32 256 218 1838 3.50%

2022 27,564 155 959 22 956 290 1300 4.84%

Total 85,135 335 3009 60 1221 568 5274 4.29%

Table 2. 
Total number of ocular examinations at various stations performed inside and outside the cubicle.
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Figure 4. 
(a) Sixteen-port switch connections to/from various gadgets. (b) Commercial and industry security corporation 
(CISCO) switch (yellow arrow indicates the 28 ports in CISCO).

Figure 5. 
Image showing LAN connection of fundus capture device after entering the IP address in the web browser.
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All eye care professionals can invest in LAN, as it is relatively more cost-effective 
than a high-end EMR system. The costs of the CISCO server with the switch are 
approximately 1,00,000 INR/1046.82 GBP and approximately 10,000 INR/104.68 
GBP for the sixteen-port switch. The wiring cost depends upon the area covered.

2.2.3 Role of LAN in go green ophthalmic practice

The reports of every patient can be accessed and viewed immediately after the 
completion of the full evaluation. Also, they can be compared side by side with their 
former baseline and other examinations. This aids as a smart time-saver. For instance, 
the time can be reduced considerably, as doctors need not visit each investigative 
machine to see the respective patient’s data and patients can be counseled by showing 
their image, sitting in one place. At last, the patient’s report can be sent by mail or 
WhatsApp, so they can carry the soft copy for future reference everywhere and any-
time. EMR systems require huge storage servers which consume a significant amount 
of energy, whereas LAN provides better functionality without compromise.

Paperless billing, medical record filing and counseling are now possible with 
advanced practice management software systems [26]. Going paperless saves trees, 
which can be considered a direct or indirect way to protect the environment [27, 28].

3. Go green diagnosing and counseling stations

Practicing ophthalmology in a sustainable way begins with a focus on  prevention 
and wellness. Considering the environmental consequences may need more com-
mitment but can be initiated through innovative ideas. There are many creative ways 
to effectively counsel patients by conserving energy; we have discussed two such 
innovative ways for ophthalmic patients’ counseling and diagnostic procedures. They 
are three-dimensional (3D) augmented reality (AR) and four-dimensional (4D) 
holographic diagnosing and counseling platforms. During this fast-paced global era, 
face-to-face counseling with two-dimensional (2D) images has many challenges, and 
it is hard for the patients to comprehend their disease. At the same time, the impetus of 
3D models in AR and 4D holograms will pay rich dividends (Figure 6). The use of such 
innovations helps reduce the need for conventional paper pamphlets and plastic eyeball 
models, which makes a significant reduction in the consumption of paper and plastic.

3.1 3D augment reality

AR has progressed from a science-fiction concept to a science-based reality 
[29–31]. It has slowly but surely become a significant aspect of modern life over the 
last decade with increasing applications in the field of medicine, especially in oph-
thalmology [32–34]. AR is a view of the real, physical world in which the elements 
are enhanced by computer-generated inputs and available on mobile handsets, which 
constitutes an essential patient e-counseling platform. During COVID-19, the impe-
tus for AR in ophthalmology is stronger than ever. Recently, an AR program named 
“Eye MG AR” was innovated for diagnostic procedures and counseling patients by 
showing different anatomical and pathological structures related to the eye (Video 1, 
https://www.youtube.com/watch?v=LC7VMI56hLo). The patients’ own pathological 
real-time TrueColor confocal images have been used in 3D, with multiple customized 
angles of the viewer’s choice to simplify counseling procedures (Figure 7) [35, 36].
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For immersive visual experiences, simple structures such as the eyeball and its 
parts and complex systems essential to the eye (cerebral and dural venous sinuses) 
were also constructed using advanced real-time 3D photo-real visuals. This app, built 
on an innovative interactive 3D touch interface, has a significant influence on improv-
ing ophthalmic diagnostic procedures, especially in patient counseling.

3.2 4D extended reality holograms

Extended reality (XR) is one of the leading futuristic concepts, which is still 
slowly evolving to set foot into the field of ophthalmology [37, 38]. What makes 
this device cutting-edge is the spatial recognition, eye-tracking, and hand-tracking 
concepts. Spatial recognition senses the world around the user, and eye-tracking rec-
ognizes where the user is seeing [39–41]. It also projects the holograms into the eyes of 
the user as light rays. The hand-tracking concept helps the user to touch, move, rotate, 
and scale the holograms. Using extended reality technology, especially in ophthalmic 
diagnostics procedures and counseling, will revolutionize the face of counseling on 

Figure 6. 
Image showing (a) two-dimensional (2D), (b) three-dimensional (3D), and (c) four-dimensional (4D) 
TrueColor confocal fundus images used for patient diagnosis and counseling.

Figure 7. 
Image showing the “Eye MG AR” app being used for e-counseling.
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a whole new level. We have used this novel technology and have created holographic 
counseling platforms for various anatomical structures such as the eyeball, cerebral 
venous system, cerebral arterial system, cranial nerves and multiple parts of the brain 
in fine detail and diseases related to the eye (Video 2, https://www.youtube.com/
watch?v=XkHYTzYRHYU). Suppose the patients can see the 4D holographic models 
related to ophthalmology right in front of their eyes; it can change the way of coun-
seling to a whole new level (Figure 8). Ophthalmic institutes and practitioners can 
invest in this cutting-edge technology to provide their neophyte ophthalmic residents 
and allied ophthalmic personnel with a real-time understanding of the concepts 
involved in patient care and diagnosis.

3.3 3D and 4D holographic diagnosing and counseling workflows

The real-time TrueColor confocal images of each patient can be viewed imme-
diately and simultaneously once the patient has completed the advised diagnostic 

Figure 9. 
Image showing the 3D and 4D holographic diagnosing and counseling workflow.

Figure 8. 
(a & b) Image showing doctor counseling a diabetic patient with the help of 4D hologram of TrueColor confocal 
fundus image and optical coherence tomography (OCT) image by using Hololens 2 before and after treatment, 
respectively.
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investigations. Also, they can be compared side by side with their previous baseline 
and other analyses in 4D. This is less time-consuming, eco-friendly and patients can 
be counseled by showing their pathological images without plastic eyeball models.

After completion of each diagnostic procedure, the patient’s data will automati-
cally get stored in the hospital database. Eye MG, the 4D Holographic translational 
software, will access this hospital database to take the patient’s scanned images and 
project them as 4D holograms (Video 3, https://youtu.be/xZ2b4d89ngk). These 
holograms can then be used for patient counseling. The whole process will take 
approximately 60 seconds (Figure 9). These holographic case sheets will be stored 
each time the patient visits. So, for every visit the patient makes after the first time, 
their condition can easily be matched with their previous hologram side by side.

4. Recommendation

Green practice patterns can start with small steps, which will create an impact in a 
big way.

• Place recycling bins in convenient locations throughout the hospital.

• Turning off lights and machines at night and setting electronic equipment to 
sleep mode while not in use saves energy and money.

• Follow the advanced digitalization system for reports to avoid excess paper use.

• Practicing greener surgical protocols to help reduce carbon footprint.

• Ophthalmic institutes and practitioners can invest in 3D AR and 4D holographic 
technology to provide better patient counseling than plastic eye models without 
affecting the environment.

5. Conclusion

Keeping in mind that certain current systems in place are not only harmful to 
the current generation but also have a potential impact on the health of the unborn 
generation, it is our ethical responsibility to bring change where possible. Though 
change is a necessity, it is not easy, especially in a large and complex system such as 
healthcare. So, every small innovation will have a significant role in paving the way 
toward a green healthcare system. These few easy and adaptable steps of structure-
based (cubicle), function-based (LAN), and technology-based (3D and 4D counsel-
ing platforms) reforms have been able to pave a path toward sustainable healthcare by 
helping us reduce our carbon footprint.
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Nomenclature

3D  Three-dimensional
4D  Four-dimensional
AR  Augmented Reality
COVID-19 Corona virus disease-19
CFLs  Compact fluorescent lamps
CISCO  Commercial and Industry Security Corporation Switch
DIY  Do-It-Yourself
EMR  Electronic Medical Record
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GRIHA  Green Rating for Integrated Habitat Assessment
IGBC  The Indian Green Building Council
LAN  Local Area Network
LED  Light-Emitting Diode
NCT  Non-contact Tonometer
OCT  Optical Coherence Tomography
OPD  Outpatient Department
PC  Personal Computer
POC  Patient Point of Care
UK  United Kingdom
USA  United States of America
XR  Extended Reality

 Appendix

3D models were created and used for AR simulations, virtual reality, and advanced 
mixed reality with Microsoft HoloLens 2 by us in this chapter. This includes the 
human eyeball with TrueColor confocal fundus image. These models help in better 
understanding of concepts and can be used in various fields of medicine. We have 
created models related to ophthalmology, which allows us to explain a disease or a 
condition with its pathophysiology, pathway, clinical features, tests, treatment and 
prognosis creatively and interactively.

We have created apps using these models, including the Eye MG AR (https://
play.google.com/store/apps/details?id=com.EyeMG_AR) and Eye MG 3D (https://
play.google.com/store/apps/details?id=com.EyeMG_3D) which are based on AR 
model of the eye and multimodal fundus imaging atlas, respectively. These are 
available for Android users and are free to download from Google Play Store. 
An app for iPhone users named Eye MG Max (https://apps.apple.com/in/app/
eye-mg-max/id1607482649) is currently available in App Store. This application 
provides eyeball with TrueColor confocal fundus images and all structures related 
to ophthalmology with a user-friendly interface. In Eye MG Max, multiple views 
with transparency for viewing the structures passing through another model, free 
camera mode, annotated modes, customized zoomed views and videos related to 
any ophthalmic pathology are provided; thus, providing a 3D atlas at the user’s 
fingertip for better patient counseling. Usage of mixed reality in ophthalmology is 
only in the primitive stages.

The same 3D models used in the previously mentioned applications have been 
imported into Hololens 2 for holographic viewing by medical professionals and 
patients. When viewed through Hololens 2, the device tracks our hands, eyes and 
surrounding environment. This enables us to select different holograms just by 
looking at them (eye-tracking) and move the holograms around and enlarge/shrink 
using our hands (hand-tracking). This enables us to view the models in a 360-degree 
3-Dimensional view. We can use this to counsel patients in a much more efficient and 
convincing manner, leading to better patient compliance. We can also add compo-
nents such as Optical Coherence Tomography apart from TrueColor confocal fundus 
evaluation. Advancements such as holographic surgical simulative training will come 
out eventually in the near future.
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Chapter 8

Analysis of Rainwater Harvesting 
Method for Supply of Potable 
Water: A Case Study of Gosaba, 
South 24 Pargana, India
Subhashis Chowdhury, Souvik Chakraborty and Rajashree Lodh

Abstract

In Gosaba, a village on the outskirts of South 24 Parganas, West Bengal, India, 
people experience a lot of problems related to shortage of potable water due to 
salinity and arsenic contamination in the supplied water. Rapid growth of industri-
alization, increased population, saline water intrusion etc. is causing a decrease in 
fresh water. Due to overuse of groundwater, GWT is declining rapidly in the Gosaba 
region. Moreover, seawater is intruding into the groundwater, causing pollution 
of surface water and a rise in Fe content, Cl content, arsenic content and salinity 
content in groundwater of that location. The runoff available from that amount of 
received precipitation is estimated using two empirical equations derived by Sir 
Aiexander Binnie; Ingels-De Souza and T.G. Barlow and the calculation confirms a 
good amount of runoff that can be utilized for harvesting in order to decrease the 
water scarcity of the location. The scarcity of fresh water in the Gosaba location 
can be minimized by adopting the rainwater harvesting (RWH) method, a sustain-
able process to obtain disinfected water at a very low cost. The technical part of 
the present study is to adopt RWH where rainwater is collected from rooftop of an 
institute building and to design tank where water can be stored and utilized further 
at minimum costs.

Keywords: salinity, groundwater, arsenic content, water harvesting, runoff calculation 
Gosaba block

1. Introduction

Various regions of West Bengal as well as India are facing the problem of water 
shortage due to depletion of groundwater table (GWT) at an alarming rate. South 24 
Pargana located in the coastal area of West Bengal, India is one of them. Gosaba is one 
of the blocks in South 24 Pargana. The latitude and longitude of Gosaba are 22.16°N and 
88.80°E respectively. The population density of South 24 Pargana is larger than that of 
West Bengal. Due to excessive use of groundwater, saline water intrusion is taking place 



Advances in Green Electronics Technologies in 2023

156

rapidly in South 24 Pargana. The groundwater of Gosaba is contaminated by arsenic and 
also affected by saline water intrusion from the Bay of Bengal. Thus, there is scarcity of 
freshwater required for domestic and drinking purposes in the Gosaba region. It is very 
much needed to provide fresh water to different sectors and most importantly for house-
hold purposes. Since during monsoon tropical regions receives heavy rainfall, rainwater 
can be stored for future. Therefore, as an alternative rainwater harvesting (RWH) can 
be adopted to provide fresh water to the household during dry seasons at a reasonable 
cost of installation or for recharging groundwater. There are three processes involved 
in RWH technique: collection of rainwater in a waterproof surface such as impervious 
ground surface or roof, conveying the water through pipes and conduits from catchment 
to suitable storage tanks and storing the water properly at some location, may be rooftop 
or underground tank for future use. It includes primary screening of unwanted materials, 
first flush diverters and a water treatment plant. The harvested rainwater can decrease the 
dependency on groundwater caused by increased rate of population. RWH techniques 
can also prevent soil erosion and flood in coastal areas during rainy season as the excess 
water is collected in huge tanks. Storage tanks made up of concrete are most widely used 
in India to store rainwater and can be built below and above the ground surface. Although 
it is advisable to provide tanks above the ground surface as it is cost- effective and any 
damage, leaks, cracks etc. can be easily identified and tanks could be cleaned at regular 
intervals. Moreover, there remains a risk of contamination of water in underground tanks.

Various researchers worked on the RWH techniques to reduce the scarcity of 
fresh water and save the groundwater. Awawdeh et al. [1] studied that the chronic 
water shortage in Jordan can be reduced by increasing the amount of rainfall har-
vesting from rooftops, roads, and parking lots. They conducted a study at Yarmouk 
University and evaluated the potentiality for potable and non-potable water savings 
by using rainwater [1]. Tobin et al. [2] studied the practice of rainwater harvesting 
(RWH) in a rural community in Edo State, Nigeria. A cross-sectional study design 
and a structured observational checklist were used for the assessment of the house-
hold rainwater harvesting system. Data were analyzed using statistical package for 
social sciences (SPSS) version 16 and results were presented as frequencies. It has 
been found that RWH was practiced by over 80% of households, with the rooftop 
as the catchment area. Stored water was most commonly used for personal hygiene 
purposes [2]. Roy [3] conducted an empirical study on the Bandu river basin in 
Puruliya district to explain the importance of rainwater harvesting in drought-prone 
areas of West Bengal. Puruliya district ranks first in vulnerability to drought hazards 
within the state of West Bengal. The Bandu river basin receives 1150 mm of rainfall 
even in the driest years but the distribution is uneven, as a resulting scarcity of water 
occurs. There are 31 villages in the Bandu river basin and the population density 
of the area is 375 persons/sq.k.m. The objective of the work was to adopt rainwater 
harvesting and estimate the runoff from the amount of rainfall received. The runoff 
was estimated through four empirical formulae and the results indicate the amount 
is a healthy one [3]. Khan [4] made a detailed review of the contribution of rainwater 
harvesting in the field of agriculture in the Ahmadabad region of Gujarat. Because of 
the little supply of water in villages by the government, the rural population is fully 
dependent on water for agricultural as well as domestic purposes. Both primary and 
secondary data from water samples and community surveys were used to analyze the 
costs and benefits of RH in the district. The major costs include the initial construc-
tion cost of the rainwater harvesting system and the maintenance costs. The major 
benefits include an increase in household dispensable income, time and energy saved 
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from collecting water, and relief from epidemic droughts [4]. Said [5] carried out 
a case study in South Delhi to assess the potential of roof-top rainwater harvesting 
procedure. The study aims to explain rooftop rainwater harvesting that can be easily 
used by each individual with ease. Data were collected and analyzed in relevance to 
the actual average annual water consumption of each household and the volume of 
rainwater collected annually from an individual respective rooftop. The study advised 
the reduction of 20% in the per capita demand of each individual. The present study 
finds its usefulness in developing awareness towards the proper use of rainwater 
for sustainable management of water resources at an individual level [5]. Shittu 
et al. [6] used a rainwater harvest system to combat perennial water scarcity at the 
household level in Ibadan city. They collected rainfall data for a period of 10 years. 
The RWH System used comprised of six basic components: Roof Catchment; Gutters 
and Downspout; Conveying and Water Treatment, Leaf Screen and Roof-washers; 
Storage Tanks [6]. Kulkarni [7] summarized studies, research and surveys carried out 
to study, analyze and implement RWH. It has been observed that the use of the RWH 
method can fulfill more than 50 percent of water demand in domestic households. 
The commercial hubs, school complexes, and office premises have more potential for 
rainwater harvesting [7]. Khan et al. [8] adopted a rainwater harvesting system for 
the design of optimum rainwater storage tank size and efficiency assessment. The 
software developed by them proved to be satisfactory for any combination of loca-
tion, catchment area, material, and water demand and can also estimate the reliability 
of the corresponding water supply system. The rainfall data for a 24-year period 
for different areas of Bangladesh was collected from Bangladesh Meteorological 
Department (BMD) and used in the model. The software was employed to evalu-
ate RWHS in an arsenic affected region (Comilla), coastal location (Khulna), and a 
low-rainfall area (Rajshahi) [8]. Jagtap and Bhosale [9] developed a working system 
at a construction site named Daulat Heights in Pune, Maharashtra. The main objec-
tive of this paper was to make efficient use of rainwater and adoption of the newly 
launched concept of nature conversion. The project has to store a capacity of 129,600 
liters of water with just Rs 48,060 [9]. Pauline et al. [10] primarily focused on the 
adoption of water harvesting structures by farmers in dryland areas of Tamil Nadu. 
A thorough study was conducted and designed by combining a descriptive survey of 
the study area and a population analysis approach of a participatory study. Different 
water conservation methods/structures found in the dry areas of Tamil Nadu are 
farm ponds, tank irrigation systems; compartmental bunding and recharge pit, etc. 
have been described [10]. Chakraborty et al. [11] have simulated the GWT in various 
locations of Purba Medinipur with the help of Visual MODFLOW. The lowered GWT 
is one of the major reasons for salinity in groundwater in Purba Medinipur. From the 
review of literature, it is evident that RWH technique is advantageous and can be 
developed for both quantitative and qualitative approaches for the present study area 
[11]. Chowdhury et al. [12] conducted a comprehensive study in West Bengal and 
Assam that revealed that there is substantial amount of arsenic affected areas in these 
two states that is affecting the quality of groundwater and causing various diseases in 
human being. They also provided few suggestions to treat the arsenic sludge [12].

The present study aims at calculation of runoff available for storing during rainy 
season using two empirical equations derived by Aiexander Binnie; Ingels-De Souza 
and T.G. Barlow; determination of Ar content, Cl content, Fe content and salinity 
in groundwater of South 24 Pargana, designing and installation of RWH plants and 
explaining the economic benefits of RWH methods.
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2. Study area

The study area taken is in Gosaba location that is a block at Jayanagar in South 24 
Parganas of West Bengal, India with an area of 297.6 Km2. It is located in the proxim-
ity of the Bay of Bengal. The lithological character of South 24 Parganas is such that 
it is made up of Entisols, Alfisols, and Aridisols. Horizontal hydraulic conductivity 

Figure 1. 
Study area.



159

Analysis of Rainwater Harvesting Method for Supply of Potable Water: A Case Study of Gosaba…
DOI: http://dx.doi.org/10.5772/intechopen.106537

of this type of soil is more than vertical permeability and for that reason; it is more 
susceptible to seawater intrusion. The study area is represented by Figure 1.

3. Status of water sources in the present study location

Groundwater used for domestic water consumption in South 24 Parganas is 
sixty-eight (68) Million cubic meters (MCM) which is very much significant, as a 
result, groundwater is depleting very fast. According to Census India 2011 report, the 
population of Gosaba block was five thousand three hundred and sixty-nine (5369) 
that has increased substantially in the current year 2021, the increment being around 
7% p.a. The population in Gosaba is around 10,000 as of the year 2020. The density 
of population in South 24 Parganas is more than that of West Bengal as a consequence 
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of which groundwater is extracted more resulting in saline water intrusion as per 
Ghyben Herzberg Principle that states one scale decline of groundwater results in 
forty scale intrusion of seawater into the mainland. From the information provided 
by Public Health Engineering Department (PHED), South 24 Pargana, it has been 
confirmed that groundwater is contaminated with arsenic, arsenic contamination 
in Jayanagar was 0.05 mg/l, salinity in groundwater in the year 2011 was ranged 
from 0 ppm at Budge Budge to 4624 ppm in Mathurapur-II and in Jayanagar-I was 
2195 ppm. Iron content in groundwater is also a big problem in South 24 Pargana. 
The concentration of iron in groundwater is ranged from 0 at few places to 6.15 ppm 
at Magrahat II and in Jayanagar is 3.96 ppm which is beyond the acceptable limit 
according to IS 10500:2012. The contour map of chloride, iron content and salinity in 
groundwater of that location is shown in Figure 2.
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Similarly, arsenic contamination in Jayanagar was 0.05 mg/l. Water samples were 
taken from twenty-nine locations of South 24 Pargana. According to IS 10500:2012, the 
permissible value of salinity in drinking water should be within 1000 ppm and similarly, 
the permissible value of arsenic in drinking water should be less than 0.01 mg/l. By 
inspection of the above value, it is found Gosaba block in Jayanagar was both saline and 
arsenic affected. Surface water is also saline due to the geographical location of South 
24 Pargana. So, Gosaba block in Jayanagar is water scarce area. Water samples were 
taken from twenty-nine locations of South 24 Pargana. According to IS 10500:2012, the 
permissible value of salinity and arsenic in drinking water should be within 1000 ppm 
and less than 0.01 mg/l respectively. After thorough investigation, it has been found that 

Figure 2. 
Groundwater quality parameter’s contour map in South 24 Parganas of West Bengal.
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the Gosaba block in Jayanagar is water scarce area as the groundwater is both saline and 
arsenic affected and surface water is also saline due to the geographical location of South 
24 Parganas. Moreover, according to Central Water Management Index, 2018 by NITI 
AAYOG, South 24 Parganas have been found as water scarce area with the ratio of total 
water to total population available less than 1000 per cubic meter per capita per year.

4. Estimation of runoff

There are different methods used for determination of runoff in a catchment. In 
the present study some tables and empirical formulae are used depending on availabil-
ity of data to estimate the quantity of rainwater available for runoff in Gosaba block.

Binnie’s coefficient method: According to this method, runoff and rainfall are cor-
related as R = KP, where P is precipitation in cm, R is runoff in cm and K is the runoff 
coefficient that changes with the landcover type (Usual values of K are given in Table 1).

Ingles and De Souza’s formulae: According to Ingels and De Souza, runoff calcula-
tion based on rainfall can be done in two separate equations one for plains and the 
other for hills. The equations are –

For plains, R = (P-17.8) P/254; for hilly areas, R = 0.85P-30.5. The calculations are 
shown in Table 2.

Barlow’s Table: T.G. Barlow divided the catchment into 5 different types named as 
A-E after many studies to estimate the percentage of runoff generated by them. The 
present study area comes under category A (Flat, cultivated, absorbent soil) and the 
coefficient of this type is 25 percent of the total rainfall. Thus, the equation stands 
R = 0.25P, and the calculation of availability of runoff according to this equation 
is given in Table 3. The seasonal variation of rainfall in Gosaba block of South 24 
Parganas is shown in Figure 3 (Source: IMD Kolkata [15]), that depicts that the area 

Type of 
area

Values 
of K

Runoff generated by Calculated 
average runoff 

R (cm)Normal rainfall 
in district  
(196 cm)

Rainfall in 
2020  

(191.8 cm)

Rainfall in Gosaba 
block according to 

CGWB (175 cm)

Industrial 
and 
Commercial 
Area

0.90 176.40 172.62 157.50 168.84

Concrete 
or Asphalt 
Pavement

0.85 166.60 163.03 148.75 159.46

Urban 
Residential

0.3–0.5 78.40 76.72 70.0 75.04

Parks, 
Pastures 
and Farms

0.05–
0.3

34.30 33.57 30.63 32.83

Forests area 0.05-
0.2

24.50 23.98 21.88 23.45

Table 1. 
Average availability of rainwater for runoff (mm) according to Binnie Values of runoff coefficient K (source: 
Ministry of Water Resources, GoI [13]); Rainfall Data (source: Meteorological Department, GoI [14]).
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receives maximum rainfall in the month of August and minimum rainfall in the 
month of January.

From the calculations, it is found that the area receives good quantity of runoff 
that can be harvested for future use. The runoff needs to be collected, stored and 
utilized to reduce water scarcity and reduce the overuse of groundwater. During the 
rainy season excess runoff should be stored for use in dry season. Different amount 
of runoff is generated by different types of terrain (hilly, plains) and different areas 
(forest, residential, farms etc.). So, design of RWH plant should be done based on the 
type of land. The present study area is in plain land, so the calculations and design are 
done with a normal rainfall of 196 cm.

Figure 3. 
Monthly variation of rainfall in Gosaba block of S 24 Parganas, WB.

Land type Runoff generated by Calculated 
average 

runoff R (cm)Normal rainfall in 
district (196 cm)

Rainfall in 2020 
(191.8 cm)

Rainfall in Gosaba block 
according to CGWB 

(175 cm)

Total area 49 47.95 43.75 46.90

Table 3. 
Average availability of rainwater for runoff (mm) according to Barlow.

Land type Runoff generated by Calculated 
average 

runoff R 
(cm)

Normal rainfall in 
district (196 cm)

Rainfall in 2020 
(191.8 cm)

Rainfall in Gosaba block 
according to CGWB  

(175 cm)

Hills 136.10 132.53 118.25 128.96

Plains 137.51 131.39 108.31 125.74

Table 2. 
Average availability of rainwater for runoff (mm) according to Ingels and De Souza.
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5. Methodology

5.1 Design of RWH system

• RWH plant is provided at Gosaba R. R. Institute, Bharat Institute of Information 
Technology, PRITET computer training institute.

• According to IMD, Kolkata information, in 2020 the rainfall in South 24 
Parganas was 196 cm. The roof area of Gosaba R.R. College is around 5000 m2. 
The coefficient of runoff in this study is taken as 0.95.

• Water from the rooftop of the three institute buildings chosen is stored in the 
reservoir installed on the ground of dimension (16 m × 8 m × 3.95 m) with 15 cm 
thickness. The cost of each reservoir is Rs 10,925,400.

• From the rooftop, the water is conveyed through PVC pipe of diameter 75 cm and 
length 18 m. Specification of the main pipe is 8- inch diameter. The cost of the 
entire pipe is Rs 1,200,000. For enhancing pressure in low pressure region boost 
pumping station is also provided. 8-inch pipe is provided throughout the Gosaba 
block with two pipe branches on either side of the main pipe.

• Treatment units like 2 units of Rapid Sand Filter of length 12 m and width 6 m 
are provided. The size of gravel, sand used in the RSF are also calculated. The 
total cost of RSF is Rs 180,000.A rapid sand filter is installed before the reservoir 
to filter out solid particles in water.

• 3 centrifugal pump sets of 20 hp. with a delivery head of 8 km is provided. Cost 
of the pump is Rs 90,000 each resulting in a total cost of Rs 270,000.

• In the end, a sufficient chlorine dose is provided to keep the pH range between 
6.5-8.5. Freshwater sources in the Gosaba location have been analyzed.

• Volume of rainwater collected in rooftop is calculated as (V = A × R × C), where 
R is the rainfall intensity, A is the roof area and C is the runoff coefficient. 
Considering three RWH plants are installed in the location, the total amount 
of water stored in a tank in the Gosaba location is calculated as 70 l/capita/day 
which is much more than the per capita demand of water.

• The total cost of the project serving fresh water to 10,000 people in Gosaba is 
Rs 35,057,000 which is justified.

The schematic representation of storing to the distribution of rainwater to the 
consumer has been given below in Figure 4.

5.2 Cost analysis of RWH system

The main objective of RWH is to decrease the usage of groundwater and provide both 
drinking water and non-potable water. The rain water usually contains various contami-
nants that has to be filtered and disinfected before being used for domestic purposes. Non 
potable usage of RWH includes gardening, washing and toilet purposes and so requires 
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no treatment. The physical, chemical and biological treatment of harvested rainwater is 
not required that makes the RWH system economical and cost effective [1]. The storage 
tank is the costly part of the entire RWH system, the cost analysis presented here consists 
of cost of materials and construction of storage tank at Gosaba R. R. Institute, Bharat 
Institute of Information Technology, PRITET computer training institute, South 24 
Parganas.

The details of the quantity of materials used for construction of reservoir is given 
in Tables 4 and 5.

Sl. No. Particulars No. Length (m) Breadth (m) Height (m) Quantity

1. Excavations 1 16.30 8.30 3.50 473.51 m3

2. PCC (1:4:8) 1 16.30 8.30 0.15 20.29 m3

3. RCC (1:1:2)

(a) Top slab 1 16.6 8.6 0.15 21.41 m3

(b) Base slab 16.30 8.30 0.30 40.58 m3

(c) Vertical slab 48 0.30 3.50 50.4 m3

(d) Deduction 
for manhole

π × (0.25)2 – 0.15 −0.0294m3

112.56 m3

4. 20 mm thick 
plastering (1:2)

1

(a) Base 1 16 8 – 128 m2

(b) Sides 1 48 – 3 144 m2

5. % of steel 1 1/100 × 112.36 1.123 m3 (1.123 × 7850) 8815.5 Kg

Considering pipe, pump and other ancillary costs total cost of the project is Rs 35,057,000 which is justified.

Table 4. 
Details of quantity.

Figure 4. 
Schematic diagram of rainwater harvesting scheme in Gosaba, South 24 Parganas.
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For concrete work,
Sand = (1/4 × 1.54 × 112.56) =43 m3; Stone chips = 86 m3.
For plastering,
Volume of wet mortar = (20/1000 × 272) = 5.44 m3.
Dry volume of mortar = (5.44 × 1.3) = 7.07 m3.
Cement = (7.07/3) = 2.35 m3; Sand = 4.7 m3.
For PCC work,
Cement = (20.29 × 1.54 × 1/13) = 2.40 m3.
Sand = 9.6 m3; Stone chips = 19.2 m3.

6. Conclusion

The present study assessed the suitability of rainwater harvesting and its use in 
various domestic and irrigation sectors in a very remote area of West Bengal hav-
ing scarcity of good quality of water. Gosaba block of West Bengal is a very much 
water scarce area, as the groundwater in the location is contaminated with saltwater 
and arsenic. Therefore, there is scarcity of freshwater required for domestic works, 
irrigation and drinking purposes. In order to get rid of the problem and to maintain 
the GWT, an alternative method of harvesting rainwater is adopted for the present 
study. Rainwater harvesting is defined as the method of supplying fresh water in 
salinity and arsenic affected coastal areas of West Bengal. The availability of rainfall 
as runoff is estimated based on different empirical equations. The area received 
maximum rainfall in July–August of 2020 with a normal rainfall of 196 cm. To 
augment the supply of water to the ten thousand people in the study area, three 
institutional buildings are chosen. Water is collected at the roof catchment area of 
those institutional buildings. Through pipe and valve surplus, rainwater is conveyed 
to the rapid sand filter which is composed of sand, gravel and further carried to 
the reservoir to store and supply water throughout the year. Before distributing the 
water, chlorination is applied. By proper grid system and arrangement of boost, 
station water is supplied to every consumer at an affordable cost of installation of 
rainwater harvesting system. The tank has storing capacity of 70 l/capita/day of 
water ad total cost of project is just Rs 35,057,000 which is reasonable. It was also 
found that the quantity of stored and harvested rainwater could be used throughout 
the year and not only in rainy season.

Sl. No. Particulars Quantity Unit/Item 
rate

Amount (Rs)

1. Cement 47.75 m3 280 per bag 3,85,000

2. Sand 57.3 m3 58/m3 3325

3. Stone chips 105.2 m3 68/cft 2,52,620

4. Steel 8815.5 50/Kg 440,775

Total amount 1,081,720

5. Water charge 1% of total cost 108,172

Total amount 1,092,538

Table 5. 
Rate analysis of materials.
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Chapter 9

E-Waste Management in Different 
Countries: Strategies, Impacts,  
and Determinants
Shireen Ibrahim Mohammed

Abstract

Over the last two decades, the electronic equipment has increased dramatically 
around the world, which causes increasing in e-waste as well. This increasing has 
affected the environment badly. E-waste disposal has become one of the most critical 
issues and concerns have raised of it because most of these products do not biodegrade 
easily and they are toxic. Different strategies have been followed in many countries in 
order to solve the e-waste problem. Understanding these strategies can help to plan 
better for e-waste management correctly. Awareness of people about the e-waste 
impacts is crucial, because it can ensure people participation in managing the e waste 
process. This research has carried out in order to introduce to the e-waste impacts on 
environment and human health, and the importance of people awareness about these 
impacts. In addition, it shows many strategies that have been used in different coun-
tries to manage the e-waste, choosing the successful one to focus in order to benefit 
from it. Furthermore, a surveying has been carried out to exam people awareness in 
Iraq about the e-waste impacts. Finally, recommendations to manage e-waste  
successfully have been added.

Keywords: e-waste management, e-waste impacts, e-waste disposal,  
formal and informal recycling, e-waste recycling

1. Introduction

E-waste is informal but popular term. It refers to any electrical or electronic 
equipment which are in the end of their useful life. Globally, markets of electronic 
and electrical equipment have grown dramatically. While these products lifespan has 
become shorter, they are ending up in rubbish dumps or recycling centers. Concerns 
of the e-waste bad effects have raised around the world. Twenty to fifty percentage of 
e-waste has been generated per year around the world [1]. It has become a big threat 
on environment and human health [2]. The major reasons of e-waste growing amount 
are: Short lifespan of the electronic products [1], growth of population, economic 
development, and consumption patterns changing [3]. Many countries have followed 
different approaches to solve the e- waste issue. This research has shown some of 
these strategies and the successful one has been chosen to focus in order to benefit 
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from it. In addition, a surveying has done to exam the awareness of people about the 
e-waste effects on their health and environment. Furthermore, recommendations 
have been added to manage the e- waste successfully.

2. E-waste impacts

E-waste can be classified according to their physical and chemical constituent. 
The compositions of e-waste include: Metals such as [Copper, Iron, Tin, Nickel, Lead, 
Aluminum, Zinc, Silver, Gold, and Palladium], Plastics, Metal-plastic mixture, Cables, 
Screens (CRT and LCD), PCB, Pollutants, Wood, and Refractory and Oxides…etc. [4].

E- waste contaminants can be classified into three types [4]:

• Primary contaminants such as the heavy metals and halogenated compounds.

• Secondary contaminants, which produced by products or residues that are 
produced as a result of the improper recycling process such as poly aromatic 
hydrocarbons (PAHs), dioxins, and poly halogenated aromatic hydrocarbons 
(PHAHs).

• Tertiary emissions or contaminants: Compounds which are used for recycling. 
These compounds must be handled properly in order to avoid bad impacts on 
environment and health such as aquaregia, nitric acid, cyanide, hydrochloric 
acid, thiourea, and bromide in the metal recycling leaching process [5].

The unsuitable recycling activities of e-waste such as open burning and manual 
dismantling cause soil and river pollution. This is discovered by finding fire retar-
dants in soil and river sediments in Vietnam [6]. Soil pollution also was found in china 
near the e waste recycling area [7]. By observing the heavy metal concentration in the 
air, it found that in e-waste open burning site the levels of these metals are higher, and 
the air pollution in these areas was higher [8]. Also it was found that in e waste area 
that the PCBs and BFRs levels in indoor dust were higher than non-e-waste area [9]. 
In addition, it was discovered that the illegal dismantling of e-waste with open-air 
burning have bad impacts on the groundwater [10], and surface water [11].

Several studies have indicated that e-waste has bad effects on the human health. 
By testing the blood, hair and urine, it have discovered that people who live near the 
e waste sites have high ∑mPAEs concentration in their urine than other people who 
live in non e waste site [12]. In addition, carcinogenic metabolites has exist in the 
respondents internal hair [13]. Furthermore, exposure to the heavy metals has caused 
acute and chronic effects such as respiratory reproductive problems, cardiovascular, 
and irritation [14]. Studies have shown by testing the DNA of workers who recycling 
e-waste, there is a correlation between damage of DNA and duration of e waste 
processing in informal e-waste recycling site [15–17]. E-waste also causes spontane-
ous abortions, premature births, and reduced birth length [18].

3. E-waste recycling

Recycling the e-waste seems to be good solution in many countries as long as 
a valuable items can be extracted from it. E-waste recycling is very important for 
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environment sustainability and for economic recovery. The efficient recycling of 
electronic scrap has been regarded as a major challenge for many countries.

Recycling is the most important key to reduce the e-waste. It has environmental 
benefits at all stage in the life cycle of the electronic products, from the raw materials 
from which they are made to their final methods of disposal. Recycling also contrib-
utes in reducing water and air pollution which is associated with creating new equip-
ment from raw materials [1]. Generally, people in some countries realize that there 
is a value generating from different types of household solid waste [19]. So informal 
peddlers and formal collectors pay to consumers for their waste. Then they sell to 
refurbishes, brokers, scrap dealers, and recyclers.

Recycling in the world can be divided into two types: Informal recycling and 
formal recycling.

3.1 Informal recycling

The informal recycling of e-waste consider as a way to extract value from waste 
electrical and electronic equipment. Informal sector is illegal because it is outside of 
official institutions [19]. The majority of the informal recyclers are from rural areas 
and most of them are women and children [20]. This type of recycling includes labor 
intensive and dangerous manual dismantling of equipment. In this kind of recycling, 
simple tools are used such as chisels, hammers, and screwdrivers in order to achieve 
swift separation of the different materials [21]. This sector uses substandard processes 
and does not have the appropriate facilities to safeguard human health and environ-
ment, so it causes risk for recyclers and for environment [19–21]. Informal recycling 
sector has grown in many countries such as china, Bangalore, Chennai, India, Nigeria, 
and Pakistan. Informal recycling effects can be shown in Figure 1.

There are several reasons for informal recycling increasing [19–21] include

• Awareness lacking of collectors, recyclers and consumers of dangerous improper 
of e- waste handling.

• Appropriate management absence of e-waste recycling.

• No effective take-back programs for end –of-life electronic equipment and 
obsolete.

• Absence of interesting in e-waste managements by IT companies.

Figure 1. 
The effects of informal recycling.
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• Implementation laxing in e-waste specific legislation.

• Most recyclers are from rural areas and most of them are women and children.

3.2 Formal recycling

Formal e-waste recyclers can be defined as all companies designated recycling 
that are included on the e-waste dismantling enterprise list and have a treatment 
license, which are issued by provincial environmental protection bureaus [20, 22]. 
Formal sector recycling process are safer for both workers and environment, because 
it is controlled by the governmental regulation and financing [22]. However, formal 
recyclers have to bear all the cost (collecting, transporting and disposing of hazard-
ous fractions), while informal recyclers bear less expensive recycling practices. This 
is because informal recyclers benefit from the reduced costs in terms of recycling 
technology, collection, pollution, and control systems [23].

4. E-waste management system in different countries

Countries are divided into developed countries and developing countries.

4.1 E-waste management system in developed countries

The best e-waste management can be found in European union. For example, 
best e-waste management systems can be found in Switzerland and the Netherlands 
[1, 24]. The European Union has a law for requiring companies and manufacturers to 
prepare to disposals from e-waste by special mechanisms [1]. It has restricted the use 
of certain hazardous substances in electronic and electrical equipment. In addition, 
they put a law for the WEEE companies to set up systems for the WEEE treatment 
and producers. This system is to be responsible about their products over the entire 

Figure 2. 
E-waste management system in Switzerland [1, 24].
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lifecycle of their products from design to use till disposal. In other words, Extended 
Producer Responsibility (EPR), which can be defined as “the producer’s responsibility 
for a product is extended to the postconsumer stage of a product’s life cycle” [1, 24].

As far as Switzerland is concerned, it has long experience for applying the EPR for 
e waste management. In Switzerland every sector has its own role and responsibility 
as shown in Figure 2.

In Switzerland, there are three producers responsibility organizations (PROs) 
(The Swiss Association for Information, Communication and Organizational 
Technology (SWICO recycling), the Swiss foundation for waste management 
(SENS), and the Swiss lighting recycling foundation (SLRS) [25]. These organizations 
are responsible of the e-waste management. The EPR system has initiated by EEE 
producers voluntarily in order to manage e-waste. This system has many advantages 
include [22, 25, 26]:

• its clear system, each one has its own responsibilities of all actors.

• by implementation the advance recycling fee ARF principle, the financing is done.

• accepted and comprehended system and covers wide range of EEE

• control the mechanisms exist for emissions and health hazards.

• monitoring the financial and material flows

• prevent the illegal e waste dumping to the non-OECD countries for recycling

• producers of EEE had Initiated an organized system to manage the e-waste. For 
instance, reducing the CFCs’ emissions from refrigerators and air conditioners.

• The not-for-profit SENS system has managed by members, are the importers, 
manufacturers, distributors and wholesalers.

• Consumers have to dispose the e-waste through retailers or by collecting it 
at a located collection points, and they have to pay the ARF for purchasing a 
new product. So they bear the responsibility of the final financial for e-waste 
management.

• The recyclers are responsible for environmental sound management of the 
e-waste. Their focusing is on the efficient materials recovery with reducing the 
final remains which end to the landfills or to the incinerator. E-waste then is 
sorted into categories and invoices are send to SWICO and SENS accordingly.

• recyclers must adhere to the standards of emission and safety measures.

• Recyclers operate recycling facility that is authorized from the cantonal govern-
ment and licensed by the PROs. Government takes the overseer role without 
involving in day-to-day activities.

• The federal government contributes in guidelines framing for the major involved 
actors and assigns the key legal responsibilities to them.
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• Switzerland cantonal government has the power for issuing and revoking 
permits of recyclers.

• Disposers are the incineration and landfill facilities, who receive the e-waste 
processes remaining. They have to follow the safety norms. un-processed e-waste 
is not allowed to be in the landfilling. in Switzerland, land filling of is completely 
banned [22].

E-waste in other developed countries nearly the same with some different. In 
Germany, strict rules have set in order to manage the e-waste. The e-waste is collected 
directly from individual households without any charging from consumers for e waste 
disposing, and the collecting points numbers are depending on the population density 
and local conditions [22]. Informal collection is not allowed. After collection stage, 
e-waste are handover to the producers. Then e-waste is separated to five different con-
tainers. They divided to five according to the categories that are specified in the Act 
[22]. In the US, The US disposes from e-Waste in developing countries, which causes 
problems in environment and health in these regions [1]. In Japan, the Ministries of 
the Environment, Economy, Industry, and Trade have enacted the Basic Law in order 
to promote recycling and conserve resources to tackle with landfill capacity issues and 
resource scarcity. The main purpose of this law is to establish recycling-based society, 
minimize the e-waste generation, and maximize the use of secondary materials [27]. 
E waste Infrastructure management includes: collecting, logistics and reprocessing 
technologies. The retailers responsibility is collecting the EoL products from the 
household to the regional aggregation stations. Also there are many associations to 
collect the electric home appliances which are appointed by the government. There is 
end-user-pays principle which makes consumer pay for cost. The consumers can buy 
a recycling ticket in order to give it to the agent of collection while they discard their 
e-waste. For instance, if consumer wants to discard his computer, he should contact 
the manufacturer or he can take it to the post office. Then, it is routed to be recycled 
in the recycling facility of the manufacturer [28].

4.2 E waste management system in developing countries

In developing countries, there is no specific legislation to deal with e-waste. 
Developing countries do not have the required infrastructure and technical capacities 
for waste removal in safe ways, which has caused health problems in these countries 
such as neurological and respiratory, cancer, disorders, and birth defects [29]. So it has 
become crucial to prevent the illegal imports of WEEE. In some cases, recycling cost 
exceeds the revenue that is recovered from materials especially in countries which have 
strict environment regulations. So the end of e-waste are dumped in countries where 
standards of environmental are low or nonexistent including Asia and West Africa [29]. 
Basel Convention which is an international accord, has prevented the exportation of 
hazardous waste to the poor countries since 1992. The exportation is continued to export 
what they called it “second-hand goods” as long as the exportation of reusable goods is 
allowed. But in reality EU Commission estimated that nearly 75% of the second hand 
goods are broken and cannot be used again or just have short second life to work [1, 29]. 
E-waste importing from developed countries has found in developing countries because 
it’s considered as a type of livelihood by the residents. Absence of formal recycling in 
developing countries, makes the e waste and informal waste treatment thrived near 
the residential areas [4]. Informal recycling processes and informal treatment are done 
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without any knowledge about the hazard that affects the environment and human health 
in some developing countries such as Indonesia and Cambodia who have not specified 
law to manage the e-waste [30, 31]. Lacking of data about the amount of material flow of 
e-waste and lacking of awareness, have affected on the e-waste management in develop-
ing countries [32, 33]. Because of the political challenges, technological, and financial, 
most of developing and under-developed countries are unable to manage the e waste in a 
way that does not affect the environment and human health [34].

in Africa there is an ineffective infrastructure of the e-waste management. There is 
no constant system for e waste collection, separation, storage, sorting, and disposal of 
e-waste. In addition, there is nearly no enforcement effective to regulate the e-waste 
management and disposal. In Africa e-waste management is reregulation, and rudi-
mentary [35]. Recycling includes disassembly of WEEE without taking into account 
the hazardous chemicals. For instant, printed circuit boards (PCBs) are heating to 
recover chips, plastics are melted and burned to isolate metals, this burning sends 
dioxin and other toxic gases into the air which causes pollution to the environmental 
and human health. While parts that are dumped in landfills, allows the remained 
heavy metals to harm the area and life. So, in order to protect public health and the 
environment, the National Environmental Management Waste Bill in South Africa 
has implemented for reforming waste management legislation [1].

In Bangladesh the most popular method of e waste management is the dumping 
into landfills, a small amount of e-waste are recycled. Fresh drives have initiated 
by policymakers in order to increase the disposal of e-waste, one of these policies is 
adopting stringent for e-waste management policy [34]. Bangladesh is responsible 
of 7% of e-waste dumping annually all over the world [36]. Different types from of 
e waste are produced in Bangladesh every year. it produced from different sources 
such as mobile phones, televisions….etc. The majority of these wastes are dumped in 
landfilling or in open water [36].

E-waste management system in Bangladesh can be divided into three categories 
include:

• Reuse: reselling the e waste after repairing the used electronic and products [37].

• Recycling: Recycling of e-waste is necessary but it is not common process across 
the country [38].

• Dumping and Landfilling: most of electronics which include computers and mobile 
phones are disposed of in the litter bins. While medical wastes are burned [34].

In India, only 2 percent of India’s total e-waste are recycled because of the lack of 
legislation and poor infrastructure. This has led to a waste of the diminishing natural 
resources [39]. In India, several stakeholders are involved in managing the e-waste, 
so it originates from many sources and does not follow single set path. Most of the 
e-waste end up with scrap dealers and traders for economic benefits, which end to 
unorganized sectors [22]. Problems that faces the e-waste management system are 
lack information about flow and quantum of e-waste, poor infrastructure, poor 
implementation rules of e-waste, and producers shirking of proEPR [40].

As far as China is concerned, China has made good efforts in order to have bet-
ter collection and recycling of e-waste in public and private sectors [41]. China’s 
government has issued many of environmental laws and technical guidance related to 
e-waste management. The most important include [20]:-
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• cataloging the import of waste including: the second- hand electronic equipment 
and e-waste in a list of prohibited imported goods for processing or trade.

• prevent pollution and control the WEEE. This is done by providing a list for 
environmental measurement to minimize the pollution during the storage, 
recycling, and final disposal of e-waste.

• prevent and control the pollution caused by electronic and information products. 
The purpose of this policy is to reduce the using of hazardous and toxic sub-
stances in electronic appliances in order to reduce the generated pollution in the 
manufacture, and recycling of these products.

• Administrative measures to prevent pollution caused from waste electrical 
and electronic equipment. This is to prevent pollution caused by the transport, 
storage, recycling, disassembly, and disposal of e-waste. This policy applies for 
companies who need treatment licenses that is confirmed by local environmental 
departments…etc.

5. Methodology and result

E-waste problem in Iraq does not different from the situation in other developing 
country. The problem is the same including: There is no specific legislation to deal 
with the e-waste, the required infrastructure and technical capacities for e-waste 
removal in safe ways are not available, experience lacking in recycling the e-waste, 
and lacking of data about the amount of material flow of e-waste. All these reasons 
have affected on the e-waste management in Iraq. So the methodology in this research 
has only focused on the awareness of people in Iraq about the e-waste impacts.

E-waste impacts awareness of people in Iraq from different generations was 
measured as shown in Table 1. The samples of 500 people were chosen randomly to 
answer the questions. The three points scale questionnaire: 1 = Yes, 2 = No, 3 = Do not 
know or Not sure. Except the last question which was about the end of their end life 
mobiles and laptops in specific.

No. Questions Yes = 1% No = 2% Not certain or Do not 
know = 3%

1 Do you know what the e waste meaning 
before the explanation

80 15 5

2 Do you know the negative impacts of e 
waste on people health and environment

20 35 45

3 Do you with Recycle and reusing different 
types of e waste

89 3 8

4 Do you separate the e-waste to be recycled 
later

10 90 0

5 Do you need to enhance your knowledge 
about the e-waste effects

97 0 3

6 What do you do with your end life mobile or laptop?

Table 1. 
E-waste impacts awareness in Iraq.
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Note: This surveying has carried out from 25 to 5-2022 to 10-6-2022.
The result shows that high percentage of people know what is the e-waste mean-

ing, but only 20% of them aware about the negative effects of it on environment and 
human health. Although the majority of people are with recycling idea and reuse of e 
waste, only small percentage separate it. Most people admit that they have to enhance 
their knowledge about the e-waste effects. The last question was asked to have knowl-
edge about the end of their end- life mobiles and laptops in specific. Their answers 
were different, but they can be divided into three answers: some of them damage 
their end-life devices and threw in the rubbish. Few of them said that they give their 
end-life devices to the mobiles sellers or laptop sellers to benefit from the health parts 
of it. Other mentioned that their end-life devices ended to be with informal collector 
to make use of them.

6. Discussion and recommendations

According to the result of this surveying, people need to know the causes of 
environment pollution and its impacts on their health. They need to understand more 
about e-waste effects and e-waste managements. These two terms are connected with 
each other, they affect the human health and environment weather in negative or 
positive way.

Below are some recommendation to manage e-waste successfully:-

• An aggressive legislation must be taken for new technological solutions. 
Evaluating the present laws and making the suitable modification periodically.

• Increasing the public awareness through education on e-waste and recycling. 
This is can be done by educating people about how to recycle and dispose elec-
tronics and teach them the right behavior to become more responsible towards 
environment.

• it is the government duty to provide the infrastructure for formal e waste treat-
ment and recycling and encouraging the EEE producers in order to focus on the 
Extended Producer Responsibility EPR [42].

• In order to have successful formal recycling plant: technical support, guidelines, 
and financial support, must be exist for treatment processes improvement [43].

• Reuse can gives higher environmental advantages and consider as a safer term in 
collection of e-waste.

• guidelines must be suggested about the treatment options and technologies to 
manage the e waste.

• units for recycling of waste EEE must be established.

• consumers must be aware about the hazardous components in products pro-
viding with instruction about handling the equipment after its use to prevent 
e-waste from discarding in garbage bins with other rubbish, stringent provisions 
are needed
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• restricting the second-hand electronics importing, prohibiting the old or used 
electronic products importing, except electronics that are used for research 
purposes and in academic institutions with allowable certification from 
Environment department

• The best example about the e-waste treatment is changing it from primitive prac-
tices to developed system such as the pyro metallurgical or hydrometallurgical as 
occurring in China [4].

• each improvement in each system can be reduce the negative effects of e waste 
treatment [44].

7. Conclusion

E- waste increases every year at an alarming rate, it is a global problem and needs 
global solution. So efforts must be taken to minimize illegal dumping. Most developed 
countries have developed legislations and policy guidelines to control the hazardous 
chemicals using in these products, and to manage the e-waste after discardation. 
The European Union has successes in implementing a uniform legislation for e-waste 
management. Switzerland led the way to establish a successful and formal e-waste 
management system followed by Germany and Japan.

As far as developing countries are concerned, there are many legislations are 
existed in developing countries, but they do not come together with enforcement. 
Most developing countries do not have the similar regulations particularly in their 
enforcement. In addition, special centers for e-waste processing are not available, 
facilities scarcity to extract the precious metals from e-waste are not available too. An 
accurate data of e-waste flows is not available which is a major required for e-waste 
management system.

By connecting the local and the national regulations, improvement in e waste 
management can be achieved in developing countries.

People behavior influences e-waste management. Behavior is identified as one of 
the important factors which affect the e-waste management funding [45]. Awareness 
of people can ensure that consumers participate in managing the e waste process. So 
the methodology in this research has focused on people awareness of the e waste. It 
is the responsibility of government to notify people of their duties and make them 
aware about e-waste impacts on health and environment due to unsuitable disposal 
of e-waste. Awareness lacking leads to engagement lacking in re-use and recycling 
inefficient product use, and lacking of engagement from consumer end. E-waste can 
be a great energy source if it treated appropriately.
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