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Preface

The continuous growth in development of cellular wireless communication systems
over the last thirty years has resulted in most of the world’s population owning
smartphones, smart watches, iPads, and other devices. As a result, the number of
unwanted electronic devices is growing at a rapid rate.  With a huge number of
devices being produced and discarded, a new environmental disaster has stricken
our planet. Electronic waste or discarded electronics are filling up landfills at an
alarming rate. These electronic devices contain hazardous and toxic materials that
endanger the environment and the health of local communities. As a result, green
technologies for recycling this waste are being employed to decrease environmental
pollution. Renewable energy is a major factor in decreasing environmental pollution.

Divided into the following three sections, this book presents comprehensive
information on green technologies.

1. Electronic Green Technologies

2. Recycling and Waste Management

3. Global Green Technologies – Economics and Innovation

Section 1 includes chapters on energy harvesting, the green technology of wave-
length division multiplexing based on polymer optical fiber (WDM-POF), and 
radio-frequency generators used in drying technology. 

Section 2 includes chapters on auxiliary strategies for water management, minimi-
zation of water usage and recycling and reuse of effluent, and management of coal 
fly ash in the remediation process.

Section 3 includes chapters on strategies in global business economics, green
technology innovations in China, and politics of renewable energy in Africa as well 
as the nature, prospects, and challenges of renewable energy in the continent. 

I want to thank all the contributing authors for their excellent work in writing the
book’s chapters.

Dr. Albert Sabban
Kinneret Academic College,

Israel

Ort Braude College,
Karmiel, Israel
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Chapter 1

Introductory Chapter: 
Introduction to Global Green 
Technologies
Albert Sabban

1. Introduction

It is obvious in 2020 to most of the world population that green technologies 
are the salvation army of mother earth and the universe. In the last 50 years, the 
universe has suffered rapid changes in climate. Our planet suffers from increasingly 
severe droughts, rising seawater levels, seawater acidification, increased depletion 
of groundwater reserves, and global rise of earth temperature. The rapid spread of 
diseases and macro-parasites and the extinction of species are the direct results of 
climate changes. These changes may be irreversible if countries, governments, and 
citizens do not act rapidly to save the planet.

The high-tech industrial revolution in the last 50 years depleted and ruined the 
planet natural resources. Electronic waste, plastics, and food garbage contain dan-
gerous chemicals that pollute soil and groundwater with toxic chemicals that cannot 
be removed from our drinking water supply. These toxic materials can be found in 
food crops and livestock grown on contaminated soil. These toxic wastes and air pol-
lution affect significantly our health. The planet oceans, seas, and lakes suffer from 
plastic pollution. Plastic wastes destroy the ocean habitats of sea creatures around 
the world. Plastic pollution kills fishes, birds, and other species. Plastic large pieces 
pose choking and strangulation hazards. Tiny plastic particles are making their way 
into the bottom of the food chain. Fishes swallow plastic waste and become con-
taminated. These fishes are subsequently harvested for human consumption. The 
contaminated fishes may be found in our plate and in our stomach.

Renewable green energy, waste management, and recycling are the main chal-
lenges and topics in the research and innovation in green technologies. The book 
is divided into three sections. Section 1 presents innovations in green electronic 
technologies. Section 2 presents recycling and waste management. Innovation and 
economics in global green technologies are presented in Section 3.

2. Electronic green technologies

The electronics and electrical industries are facing increasing pressure from 
legislation to remove.

toxic and hazardous materials from their products. There is a continual world-
wide environmental movement to use green materials and green electronics in the 
production of electronic devices. There are now a series of initiatives worldwide 
that outline targets for electronic equipment reuse and recycling. In green electron-
ics, the use of hazardous materials such as lead, plastic materials, and other toxic 
materials is not allowed or limited in order to improve the ease of recycling.
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Electronics manufacturers are faced with the unique challenge to develop 
electronic devices that are environmentally friendly. Green electronics manufactur-
ing focuses on efficient green energy, usage of green materials, reduction of devices’ 
parts, reusage of green materials, and recycling energy and devices’ components. 
The book will present methods that achieve the production of green efficient energy 
in electronics industry. In this regard, energy harvesting technologies that can be 
employed to produce, recycle, and store green energy and green materials that are 
important factors in developing greener electronics will be discussed. Computers, 
cell phones, and other electronic devices contain toxic hazardous materials that 
endanger the environment and, consequently, threaten the human health. The 
book will present several green materials that are environmentally friendly, and it 
will try to show how system engineering tools can be applied to develop optimal 
green electronic systems. Another topic that this book will consider concerns the 
electronic waste. Electronics manufacturers are encouraged to reduce the amount 
of electronic waste by designing products that minimize the amount of harmful 
substances and to use components that can be recycled and also to develop products 
with longer lifecycle. In conclusion, this book intends to provide the reader with a 
comprehensive overview of green electronics technologies as a desirable standard 
for manufacturers.

3. Renewable energy

Renewable energy converts energy from natural resources, light and wind, into 
electrical energy. Examples of renewable energy are solar energy, wind energy, 
water energy, and biology fuel. Nonrenewable energy resources include nuclear, 
hydrogen, coal, natural gas, and oil.

3.1 Solar energy

Solar cell directly converts energy from natural light into electrical energy via 
the process of photovoltaics. Generating electricity from solar energy results in less 
consumption of fossil fuels, as well as the reduction of pollution. Figure 1 presents a 
solar energy site.

Advantages of solar energy:

• Green and clean energy.

• Environment-friendly.

• Not degradable.

• Solar light is a free natural resource.

Disadvantages of solar energy:

• Depend on the weather and sunlight.

• Expensive.

• Consume large area.

• Development and production of solar site is expensive.

5

Introductory Chapter: Introduction to Global Green Technologies
DOI: http://dx.doi.org/10.5772/intechopen.92263

3.2 Wind energy

The wind kinetic energy is used to operate electric turbines and windmills. 
However, windmills cannot be operated in a residential area. Offshore wind tur-
bines provide steady, reliable clean energy in several countries. Figure 2 presents a 
wind energy site.

Advantages of wind energy:

• Green and clean energy.

• Not degradable.

• Wind is a free natural resource.

• Cheap energy.

Disadvantages of wind energy:

• Depend on the weather and wind.

• Cannot be operated in a residential area.

• Consume large area.

• Development and production of wind energy site is expensive; land is 
expensive.

Figure 2. 
Wind energy site.

Figure 1. 
Solar energy site in Israel.
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• Noisy.

• Dangerous to birds and animals.

3.3 Water energy

Waterfalls and water flow may be used to generate electric energy. Water 
energy site is presented in Figure 3. Water flow kinetic energy is converted to 
electric energy.

Sources of water energy:

• Water flow due to rainfall.

• Waterfalls.

• Water stream, high water levels, and low water levels.

Advantages of water energy:

• Green and clean energy.

• Not degradable.

• Water is a free natural resource.

• Cheap energy.

Disadvantages of wind energy:

• Depend on the weather and water stream.

• Cannot be operated in a residential area.

• Limited to locations of waterfalls.

• Consume large area.

• Development and production of water energy site is expensive.

Figure 3. 
Water energy site.

7
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3.4 Energy harvesting

In the last decade, the idea of employing free space energy in the forms of heat, 
light, vibration, electromagnetic waves, muscle motion, and other types of energy 
has become useful and attractive. A number of methods to produce electricity from 
these different types of energy sources have been developed [1–3]. Energy harvest-
ing systems may eliminate the need to replace batteries every day and the usage of 
power cords. In order to use as much free space energy as possible, it is important to 
collect the electromagnetic power from several wireless communication systems. In 
these cases, we should use wideband or multiband antennas. The energy harvesting 
antenna must satisfy several specific requirements related to the system application. 
Due to considerably low-power densities, highly efficient radiators are crucial. The 
antennas should operate at a specific frequency range and polarization. The antenna 
radiation pattern should have a wide beam width or omnidirectional radiation pattern. 
Several printed antennas were employed for harvesting energy applications [4–10]. 
In RF energy harvesting systems, electromagnetic waves propagating in free space are 
captured, stored, and used to charge batteries and for other applications. There is a 
significant increase in the amount of electromagnetic energy in the air. The expected 
amount of radio wave in the air in 2013 was 1.5 exabytes per month. However, the 
expected amount of radio wave in the air in 2017 was 11 exabytes per month. Energy 
sources used in harvesting systems are listed in Table 1.

Harvesting energy concept is presented in Figure 4. The RF energy harvesting 
system consists of an antenna, a rectifying circuit, and a rechargeable battery. The 

Table 1. 
Energy sources used in harvesting systems.

Figure 4. 
Dual-mode energy harvesting concept.
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harvesting energy system operates as a dual-mode energy harvesting system. The 
low-noise amplifier is part of the receiving system. The LNA DC bias voltages are 
supplied by the receiving system.

4. Recycling

Recycling is the process of collecting and processing materials that would other-
wise be thrown away as trash and turning them into new products. The continuous 
growth in the development of cellular wireless communication systems over the 
last 30 years has resulted in the majority of world population owning smartphones, 
smart watches, I-pads, and other devices. As a result, the number of unwanted 
electronic devices is growing at a rapid rate. With this huge number of devices 
being produced and discarded, a new environmental disaster strikes our planet. 
Electronic waste or discarded old electronics are filling up landfills at an alarming 
rate. These electric devices contain hazardous materials and toxic materials that 
endanger the environment and the health of local communities. This electronic 
waste increases environmental pollution. Green technologies are employed to 
decrease environmental pollution. Recycling of electronic waste, old batteries, 
plastic waste, and bottles decreases environmental pollution. Recycling saves 
original raw materials. Recycling reduces waste and pollution. Recycling process is 
presented in Figure 5. Recycling outdoor site is presented in Figure 6.

Materials recycling:

• Paper recycling.

• Plastic recycling.

• Metal recycling.

Recycling advantages:

• Conserves natural resources such as timber, water, and minerals.

• Reduces the amount of waste sent to landfills and incinerators.

Figure 5. 
Recycling process.

9

Introductory Chapter: Introduction to Global Green Technologies
DOI: http://dx.doi.org/10.5772/intechopen.92263

• Increases economic security by tapping a domestic source of materials.

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

• Saves energy.

• Supports manufacturing and conserves valuable resources.

5. Innovations and challenges in green technologies

Electronics developer and manufacturers are now faced with a great challenge of 
designing, developing, producing, and installing electronics with great attention to 
the product’s environmental impact throughout its entire lifecycle. Electronic devices 
create a lot of waste. Electronics manufacturers are encouraged to reduce the amount 
of electronic waste by designing products that minimize the amount of toxic materials 
used. Electronic companies should recycle and reuse as much as possible raw materi-
als and parts. Green electronic production includes the manufacturing of products 
with green materials and longer lifecycles. This helps to reduce the amount of elec-
tronic waste created by the electronic companies all over the world. Green devices 
focus on reducing the number of parts, green materials, and recycling components 
and materials. Green production allows electronics manufacturers to create environ-
mentally friendly products with a long lifecycle with a good quality and reliability.

Future green technologies challenges and innovations

• Producing cheap solar green energy.

• Recycling most of the electronic and material wastes.

• Development and production of green cars and airplanes.

Figure 6. 
Recycling outdoor site.
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Figure 5. 
Recycling process.
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• Recycling most of the electronic and material wastes.

• Development and production of green cars and airplanes.
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Chapter 2

Wideband Passive and Active
Wearable Energy Harvesting
Systems for Medical and IOT
Applications
Albert Sabban

Abstract

Demand for green energy is in continuous growth in the last years. Compact
efficient antennas are crucial for energy harvesting portable systems. Small anten-
nas have low efficiency. The efficiency of communication and energy harvesting
systems may be improved by using efficient passive and active antennas. The
system dynamic range may be improved by connecting amplifiers to the small
antenna feed line. Novel passive and active portable harvesting systems are
presented in this chapter. Printed patch, notch and Slot antennas are compact and
have low volume. The active antennas may be employed in energy harvesting
wearable systems. The antennas and the harvesting system components may be
assembled on the same printed board. The printed notch and slot antennas band-
width are from 40 to 100% for VSWR better than 3:1. The slot antenna gain is
around 3 dBi with efficiency higher than 85%. The antennas’ electrical parameters
were computed in free space and near the human body. The active notch antenna
gain is around 23 � 3dB for frequencies ranging from 200 to 900 MHz. The active
notch antenna gain is 13 � 3 dB for frequencies ranging from 1 to 3 GHz. The active
notch and slot antenna noise figure is 0.5 � 0.3dB for frequencies ranging from
200 MHz to 3 GHz.

Keywords: energy harvesting systems, wearable sensors, active systems,
medical applications, sensor chargers

1. Introduction

In the last decade, the idea of employing free space energy in the forms of heat,
light, vibration, electromagnetic waves, muscle motion, and other types of energy
has become useful and attractive. A number of methods to produce electricity from
these different types of energy sources have been developed [1–3]. Energy
harvesting systems may eliminate the need to replace batteries everyday and the
usage of power cords. In order to use as much free space energy as possible, it is
important to collect the electromagnetic power from several wireless communica-
tion systems. In these cases, we should use wideband or multiband antennas. The
energy harvesting antenna must satisfy several specific requirements related to the
system application. Due to considerably low-power densities, highly efficient
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radiators are crucial. The antennas should operate at a specific frequency range and
polarization. The antenna radiation pattern should have a wide beam width or
omnidirectional radiation pattern. Several printed antennas were employed for
harvesting energy applications [4–6]. Patch and slot antennas are widely used in
communication and medical system [7–24]. Wideband compact slot and notch
antennas are good choice to function in wearable harvesting energy systems. Slot
and notch antennas are compact and flexible and have low production cost. More-
over, a compact low-cost feed network may be achieved by integrating the ampli-
fiers with the antennas on the same substrate. Printed wearable antennas are widely
presented in the literature in the last decade as referred in [7–26]. The human body
effect on the electrical performance of wearable antennas at microwave frequencies
is not always presented in the literature. Electrical properties of human tissues have
been investigated in several papers such as [27, 28]. Several wearable antennas have
been presented in papers in the last decade as referred in [22, 28–36]. Wearable
printed notch and slot antennas for harvesting energy applications are rarely
presented in the literature. A new class of wideband passive and active wearable
antennas for harvesting energy applications is presented in this chapter. The system
efficiency and dynamic range may be improved by connecting amplifiers to the
antenna feed line. The active antenna gain is around 23 dB, and the active antenna
noise figure is 0.3 dB for frequencies from 200 to 600 MHz.

2. Energy harvesting systems

In RF energy harvesting systems, electromagnetic waves propagating in free
space are captured, stored, and used to charge batteries and for other applications.
There is a significant increase in the amount of electromagnetic energy in the air.
The expected amount of radio wave in the air in 2013 was 1.5 exabytes per month.
However, the expected amount of radio wave in the air in 2017 was 11 exabytes per
month (see Table 1). Today we can do more computations per kWh as listed in
Table 2. Energy sources used in harvesting systems are listed in Table 3. Wireless
communication systems operate in the frequencies from 700 to 2700 MHz. Medical
systems operate in the frequencies from 200 to 1200 MHz. WLAN systems operate
in the frequencies from 5400 to 5900 MHz.

RF energy is inversely proportional to distance and therefore drops as the distance
from a source is increased. Harvested power from RF energy sources is around
0.1 μW/cm2. Harvested power from RF energy sources in malls and stadiums may
increase to around 1 mW/cm2. RF energy harvesting concept is shown in Figure 1.

The RF energy harvesting system consists of an antenna, a rectifying circuit, and
a rechargeable battery. The harvesting energy system operates as a dual mode
energy harvesting system. The low-noise amplifier is part of the receiving system.
The LNA DC bias voltages are supplied by the receiving system. We can calculate
the energy harvesting link budget by using Eqs. (1–4):

Year Amount of radio wave in free space exabytes per month

2014 2.6

2015 4.4

2016 7

2017 11

Table 1.
Amount of radio wave in free space.
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Pr ¼ PtGtGr
λ

4πR

� �2

(1)

Free-space loss (Lp) represents propagation loss in free space. Losses due to
attenuation in atmosphere, La, should also be accounted for in the transmission
equation, where, Lp ¼ 4πR

λ

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

.

Losses due to polarization mismatch, Lpol, should also be accounted. Losses asso-
ciate with receiving antenna, Lra, and with the receiver, Lr, cannot be neglected in

Year Computations per kWh (1E+09)

1983 10

1985 50

1987 100

1992 1000

1997 10,000

2003 100,000

2008 1,000,000

2010 15,000,000

Table 2.
Computations per kWh.

Energy source Type Efficiency Estimated Harvested Power

Light Outdoor/indoor 10–25% 100 mW/cm2

Thermal Human
Industrial

�0.1%
�3%

60 μW/cm2

�1–10 mW/cm2

Vibration �Hz—human
�kHz—machines

20–50% �4 μW/cm3

�800 μW/cm3

Electromagnetic 900–2700 MHz
Wi-Fi, WLAN

�50% 0.1 μW/cm2

0.001 μW/cm2

Table 3.
Energy sources used in harvesting systems.

Figure 1.
Dual mode energy harvesting concept.
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computation of transmission budget. Losses associate with the transmitting antenna
as written as Lta.

Pr ¼ PtGtGr

LpLaLtaLraLpolLoLr
(2)

Pt = Pout/Lt, EIRP = PtGt.
where Pt = transmitting antenna power; Lt = loss between the power source and

antenna; EIRP = effective isotropic radiated power.

Pr ¼ PtGtGr

LpLaLtaLraLpolLotherLr

¼ EIRP�Gr

LpLaLtaLraLpolLotherLr

¼ PoutGtGr

LtLpLaLtaLraLpolLotherLr

(3)

where G ¼ 10 � log Pout
Pin

� �
dB gain in dB; L ¼ 10 � log Pin

Pout

� �
dB loss in dB.

The received power Pr in dBm is given in Eq. (4). The received power Pr is
commonly referred to as “Carrier Power.”

Pr ¼ EIRP� Lta � Lp � La � Lpol � Lra � Lother þGr � Lr (4)

Wireless smart phone using standard 802.11 can transmit up to 1 W.
PCMCIA cards using standard 802.11 can transmit around 10 mW up to 100 mW.

3. Wideband notch antenna, 2–7.8 GHz, for energy harvesting
applications

A compact notch antenna was printed on a dielectric substrate with dielectric
constant of 2.2. The antenna dimensions are 116.4 � 71.4 � 1.2 mm, as presented in
Figure 2. The antenna bandwidth for VSWR better than 2.5:1 is around 90–100%
(see Figure 3). The notch antenna has VSWR better than 3:1 at frequencies from 2.1

Figure 2.
A wideband 2–7.8 GHz energy harvesting notch.
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to 7.8 GHz. The antenna beam width is around 80° at 5 GHz. The antenna gain is
around 2.5 dBi at 3 GHz. The notch antenna radiation pattern at 3.5 GHz is
presented in Figure 4. The electromagnetic energy is converted to DC energy by a
rectifying circuit connected to the antenna input. A rechargeable battery is
connected to the output of the rectifying circuit.

4. New wideband active 0.5–3 GHz energy harvesting notch antenna

Harvested power from RF transmitting links is usually lower than 0.1 μW/cm2.
Active antennas may improve the energy.

Figure 3.
A wideband 2–7.8 GHz notch, computed S11.

Figure 4.
Radiation pattern of the notch antenna at 3.5 GHz.
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to 7.8 GHz. The antenna beam width is around 80° at 5 GHz. The antenna gain is
around 2.5 dBi at 3 GHz. The notch antenna radiation pattern at 3.5 GHz is
presented in Figure 4. The electromagnetic energy is converted to DC energy by a
rectifying circuit connected to the antenna input. A rechargeable battery is
connected to the output of the rectifying circuit.

4. New wideband active 0.5–3 GHz energy harvesting notch antenna

Harvested power from RF transmitting links is usually lower than 0.1 μW/cm2.
Active antennas may improve the energy.

Figure 3.
A wideband 2–7.8 GHz notch, computed S11.

Figure 4.
Radiation pattern of the notch antenna at 3.5 GHz.
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Improve harvesting system efficiency. A wideband active notch antenna with
fractal structure was printed on a 1.2 mm thick with dielectric constant of 2.2. The
compact active notch antenna is shown in Figure 5. The notch antenna dimensions
are 74.5 � 57.1 mm. The antenna center frequency is 1.75 GHz. The active antenna
bandwidth is around 150–200% for VSWR better than 3:1. The notch antenna gain,
S21 parameter, is presented in Figure 6. The active antenna gain is 23 � 3 dB for
frequencies from 200 to 900 MHz.

The active notch antenna VSWR is better than 3:1 for frequencies from 0.5 to
3 GHz. The antenna beam width is around 84° at 1 GHz. A compact E-PHEMT
LNA, low-noise amplifier, is connected to the notch antenna via an input matching
network. An output matching network connects the amplifier port to the rectifying
circuit. A printed compact DC voltage bias network supplies the bias voltages to the
harvesting system. The amplifier specification is listed in Table 4. The amplifier

Figure 5.
A wideband fractal active notch antenna.

Figure 6.
Active notch antenna S21 parameter.
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complex S parameters are listed in Tables 5 and 6. The amplifier noise parameters
are listed in Table 7.

The active antenna gain is 12 � 3 dB for frequencies from 1 to 3 GHz. The active
notch antenna noise figure is 0.5 � 0.3 dB for frequencies ranging from 300 to
3.0 GHz as presented in Figure 7. The active notch antenna output VSWR is better
than 3:1 for frequencies from 0.5 to 3 GHz. All antennas presented in this paper can
operate as passive and active antennas.

Parameter Specification Remarks

Frequency range 0.4–3 GHz

Gain 26 dB at 0.4 GHz
18 dB at 2 GHz

Vds = 3 V; Ids = 60 mA

Noise figure 0.4 dB at 0.4 GHz
0.5 dB at 2 GHz

Vds = 3 V; Ids = 60 mA

P1dB 18.9 dBm at 0.4 GHz
19.1 dBm at 2 GHz

Vds = 3 V; Ids = 60 mA

OIP3 32.1 dBm at 0.4 GHz
33.6 dBm at 2 GHz

Vds = 3 V; Ids = 60 mA

Max. input power 17 dBm

Vgs 0.48 V Vds = 3 V; Ids = 60 mA

Vds 3 V

Ids 60 mA

Supply voltage �5 V

Operating temp. �40–80°C

Table 4.
LNA amplifier specification.

F-GHz S11 S11° S21 S21°

0.19 �31.76 0.964 24.13 158.9

0.279 0.93 �45.77 22.97 149.5

0.323 0.92 �53.39 22.45 145.3

0.413 0.89 �65.72 20.98 137.27

0.50 0.87 �77.1 19.54 130.3

0.59 0.83 �87.12 18.08 124.14

0.726 0.8 �100.8 16.22 115.7

0.816 0.77 �108.8 15.07 110.75

1.04 0.74 �126.2 12.74 100.13

1.21 0.71 �137.6 11.25 92.91

1.53 0.687 �154.2 9.29 82.06

1.75 0.67 �164.1 8.24 75.31

2.02 0.67 �174.6 7.27 67.82

Table 5.
LNA amplifier S parameters.
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Improve harvesting system efficiency. A wideband active notch antenna with
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3 GHz. The antenna beam width is around 84° at 1 GHz. A compact E-PHEMT
LNA, low-noise amplifier, is connected to the notch antenna via an input matching
network. An output matching network connects the amplifier port to the rectifying
circuit. A printed compact DC voltage bias network supplies the bias voltages to the
harvesting system. The amplifier specification is listed in Table 4. The amplifier

Figure 5.
A wideband fractal active notch antenna.

Figure 6.
Active notch antenna S21 parameter.
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complex S parameters are listed in Tables 5 and 6. The amplifier noise parameters
are listed in Table 7.

The active antenna gain is 12 � 3 dB for frequencies from 1 to 3 GHz. The active
notch antenna noise figure is 0.5 � 0.3 dB for frequencies ranging from 300 to
3.0 GHz as presented in Figure 7. The active notch antenna output VSWR is better
than 3:1 for frequencies from 0.5 to 3 GHz. All antennas presented in this paper can
operate as passive and active antennas.

Parameter Specification Remarks

Frequency range 0.4–3 GHz

Gain 26 dB at 0.4 GHz
18 dB at 2 GHz

Vds = 3 V; Ids = 60 mA

Noise figure 0.4 dB at 0.4 GHz
0.5 dB at 2 GHz

Vds = 3 V; Ids = 60 mA

P1dB 18.9 dBm at 0.4 GHz
19.1 dBm at 2 GHz

Vds = 3 V; Ids = 60 mA

OIP3 32.1 dBm at 0.4 GHz
33.6 dBm at 2 GHz

Vds = 3 V; Ids = 60 mA

Max. input power 17 dBm

Vgs 0.48 V Vds = 3 V; Ids = 60 mA

Vds 3 V

Ids 60 mA

Supply voltage �5 V

Operating temp. �40–80°C

Table 4.
LNA amplifier specification.
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5. New fractal active 0.4–3 GHz energy harvesting antenna

A compact notch antenna with fractal structure is shown in Figure 8. The
antenna is printed on a 5580 Duroid substrate, 1.2 mm thick, with dielectric con-
stant of 2.2. The notch antenna dimensions are 52.2 � 36.8 � 1.2 mm. The antenna
center frequency is 1.7 GHz. The antenna bandwidth is around 100% for VSWR
better than 3:1. The active notch antenna VSWR is better than 3:1 for frequencies
from 0.4 to 3 GHz. The antenna beam width is around 82° at 1 GHz. An LNA is
connected to the antenna feed line. The antenna is connected to the LNA via an
input matching network. An output matching network connects the amplifier out-
put port to a rectifying circuit. A compact DC network supplies the required volt-
ages to the active antenna. The amplifier specification, S parameters, and the

F-GHz S12 S12° S22 S22°

0.19 0.016 74.88 0.54 �22.98

0.279 0.021 65.77 0.51 �33.65

0.323 0.026 62.38 0.49 �39.2

0.413 0.03 57.9 0.46 �49.3

0.50 0.034 53.03 0.43 �57.5

0.59 0.038 48.18 0.40 �64.12

0.726 0.042 42.06 0.36 �74.86

0.816 0.044 39.53 0.34 �80.87

1.04 0.049 33.69 0.29 �94.96

1.21 0.051 30.05 0.26 �104

1.53 0.055 26.08 0.22 �119

1.75 0.058 23.14 0.20 �128.4

2.02 0.06 20.88 0.18 �138.8

Table 6.
LNA amplifier S parameters.

F-GHz NFMIN N11X N11Y Rn

0.4 0.070 0.3276 20.05 0.062

0.5 0.079 0.3284 24.56 0.056

0.7 0.112 0.334 36.08 0.050

0.9 0.144 0.3396 47.4 0.045

1 0.16 0.3424 52.98 0.042

1.9 0.306 0.3682 100.93 0.029

2 0.322 0.3711 106.01 0.029

2.4 0.387 0.3829 125.79 0.029

3 0.484 0.401 153.93 0.036

3.9 0.629 0.429 �167.3 0.059

5 0.808 0.4645 �125.53 0.11

Table 7.
LNA noise parameters.

22

Innovation in Global Green Technologies 2020

Figure 7.
Active notch antenna noise figure.

Figure 8.
A wideband fractal active notch antenna with fractal structure.

Figure 9.
A fractal active notch antenna S21 parameter.
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A fractal active notch antenna S21 parameter.
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amplifier noise parameters are listed in Tables 4–7. The active antenna gain is
21 � 3 dB for frequencies from 400 MHz to 1.3 GHz, as presented in Figure 9. The
active antenna gain is 12 � 3 dB for frequencies from 1.3 to 3 GHz. The active notch
antenna noise figure is 0.5 � 0.3 dB for frequencies from 300 MHz to 3.0 GHz, as
presented in Figure 10. The notch antenna output VSWR is better than 3:1 for
frequencies from 0.5 to 3 GHz.

6. New wideband active 0.8–5.4 GHz energy harvesting slot antenna

A wideband T shape wearable slot antenna for energy harvesting applications is
shown in Figure 11. The antenna electrical parameters were computed by using
momentum software [38]. The volume of the T-shape slot antenna is 7� 7� 0.12 cm.
The slot antenna center frequency is around 3 GHz. The computed S11 parameters

Figure 10.
Active fractal notch antenna noise figure.

Figure 11.
A wideband energy harvesting slot antenna.
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are presented in Figure 12. The antenna bandwidth is around 100% for VSWR
better than 3:1. The antenna beamwidth is around 138° at 1 GHz as shown in
Figure 13. The antenna gain is around 2.5 dBi. The antenna was designed also as an
active antenna as shown in Figure 14. The slot antenna is connected to the LNA via
an input matching network. The output matching network connects the amplifier
output port to a rectifying circuit. For example, a MMIC LNA with 16 dB gain and
1 dB noise figure has DC power consumption of less than 18 mW in the frequency
range from 70 MHz to 1 GHz. The system DC bias network supply the required
voltages to the energy harvesting system. The amplifier specification is listed in
Table 5. The amplifier complex S parameters are listed in Tables 5 and 6. The
active slot antenna gain, S21 parameter, is presented in Figure 15. The active
antenna gain is 23 � 3 dB for frequencies from 200 to 900 MHz. The active antenna
gain is 13 � 3 dB for frequencies from 1 to 3 GHz. The active slot antenna noise

Figure 12.
Computed S11 of a wideband, 0.8–5.4 GHz, slot.

Figure 13.
Radiation pattern of the energy harvesting slot antenna.
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figure is 0.5 � 0.3 dB for frequencies from 200 MHz to 3.0 GHz. The computed S11
parameters of the T-shape slot on human body are presented in Figure 16. The
dielectric constant of human body tissue was taken as 45. The antenna was attached
to a shirt with dielectric constant of 2.21 mm thick.

Figure 14.
A wideband active energy harvesting slot antenna.

Figure 15.
Active energy harvesting slot antenna S21.
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7. Energy harvesting systems for medical and IOT applications

The notch and slot antennas’ electrical performance near the human body was
investigated by using the model shown in Figure 17. Properties of human body
tissues are listed in Table 8 [27, 28]. These properties were employed in the antenna
design. Up to four energy harvesting antennas may be assembled in a belt and
attached to the patient body as presented in Figure 18. The bias voltage to the active
elements is supplied by a compact recorder battery. The DC cables from each
harvesting antenna are connected to a rechargeable battery. The electromagnetic
energy is converted to DC energy that may be employed to charge medical or
commercial body area networks (BANs).

Figure 16.
Computed S11 of a wideband, 0.8–5.4 GHz, slot. Antenna on the human body.

Figure 17.
Analyzed structure for wearable slot antennas.
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8. Energy harvesting system

As presented in Figure 1, the energy harvesting system consists of an antenna, a
rectifying circuit, and a rechargeable battery. A rectifier is a circuit that converts
electromagnetic energy, alternating current AC, to direct current (DC). Half-wave
rectifier or full wave rectifier may be used to convert electromagnetic AC energy to
DC electrical energy. A half-wave rectifier is presented in Figure 19. A half-wave
rectifier conducts only during the positive half cycle. It allows only one half of an
AC waveform to pass through the load. The rectifier output DC voltage, VODC, is

Tissue Property 600 MHz 1000 MHz

Fat σ
ε

0.05
5

0.06
4.52

Stomach σ
ε

0.73
41.41

0.97
39.06

Colon σ
ε

1.06
61.9

1.28
59.96

Lung σ
ε

0.27
38.4

0.27
38.4

Prostate σ
ε

0. 75
50.53

0.90
47.4

Kidney σ
ε

0.88
117.43

0.88
117.43

Table 8
Electrical properties of human body tissues.

Figure 18.
Active wearable energy harvesting antennas.
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given in Eq. 5. The rectifier output voltage may be improved by connecting a
capacitor in shunt to the resistor as presented in Figure 20.

VO,DC ¼ 1
2π

ð2π

0

VMAX
O sin ωtð Þd ωtð Þ; ω ¼ 2πf

VO ¼ VS � VDON ≈VS; VMAX
O ¼ Vm

VODC ¼ Vm=π

(5)

The improved half wave rectifier is shown in Figure 20.

Vripple ¼ Vr ¼ Vmax� Vmin ¼ VDC=fCR (6)

The time constant τ should be lower than T, where, τ ¼ RC≪T. The half-wave
rectifier efficiency is 40.6% as given in Eq. 7. Only 40.6% of the input AC power is
converted into DC power.Where rf the diode resistance is negligible as compared to R.

η ¼ DC output power
AC input power

¼
Im
π

� �2
R

Im
2

� �2
Rþ rfð Þ

� 0:406 (7)

Figure 19.
Half-wave rectifier.

Figure 20.
Improved half-wave rectifier.

Figure 21.
Full-wave rectifier.
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The bridge full-wave rectifier circuit is used usually for DC power supplies. It
consists of four diodes, D1–D4, as shown in in Figure 21, connected to form a
bridge. During the positive input half cycle, terminal A will be positive and terminal
B will be negative. Diodes D1 and D2 will become forward biased and D3 and D4
will be reversed biased. The rectifier output DC voltage, VODC ¼ 2Vm=π, may be
improved by connecting a capacitor in the shunt to the resistor. The improved half-
wave rectifier is presented in Figure 22.

The half-wave rectifier efficiency is 81.2% as presented in Eq. 8. This means that
only 81.2% of the input AC power is converted into DC power.

η ¼ DC output power
AC input power

¼
2Im
π

� �2
R

Im
2

� �2
Rþ rfð Þ

� 0:812 (8)

A capacitor is used in the improved rectifier to get flat output voltage variation
as function of time. The capacitor may be a voltage-controlled varactor diode.
Varactors are voltage variable capacitors designed to provide electronic tuning of
electrical devices. The output voltage ripple (see Eq. 6) of the improved rectifier
may be tuned as function of the frequency of the received signal or of the load
resistance R.

A Schottky diode may be used in the rectifier circuit. Schottky diodes are semi-
conductor diodes which has a low forward voltage drop and a very fast switching
action. There is a small voltage drop across the diode terminals when current flows
through the diode. The voltage drop of a Schottky diode is usually between 0.15 and
0.4 V. This lower voltage drop provides better system efficiency and higher
switching speed. A normal diode has a voltage drop between 0.6 and 1.7 V. Electri-
cal characteristics of Schottky diode and standard PN diodes are listed in Table 9.
Typical I–V curves of commercial Schottky diodes are shown in Figure 23.

Figure 22.
Improved full-wave rectifier.

Parameter Schottky diode PN diode

Forward current mechanism Majority carrier transport Minority carrier transport

Reverse current Less temperature dependence Strong temperature dependence

Turn on voltage Small—around 0.2 V Comparatively large around 0.7 V

Switching speed Fast Limited

Table 9.
Electrical characteristics of Schottky diode and PN diodes.
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Figure 24 presents a wearable harvesting system and a wearable battery charger
attached to the patient shirt.

9. Conclusion

This paper presents new ultra-wideband wearable passive and active energy
harvesting systems and antennas in frequencies ranging from 0.4 to 8 GHz. The
antennas are inserted in a belt and attached to the body. The antennas are compact
and can be attached to the body. The antennas allow the patients’ easy movement
(running, jumping, and working).

The electromagnetic energy is converted to DC energy that may be employed to
charge batteries, wearable medical devices, and commercial body area networks.
The passive and active notch and slot antennas were analyzed by using 3D full-wave
software. Harvested power from RF transmitting links is usually lower than 0.1 μW/
cm2. Active antennas may improve the energy harvesting system efficiency. All
antennas presented in this paper can operate also as passive antennas. The active
notch and slot antenna bandwidth are from 50 to 100% with VSWR better than 3:1.
The slot antenna gain is around 3 dBi with efficiency higher than 90%. The antenna
electrical parameters were computed near the human body. The active slot antenna
gain is 24 � 2.5 dB for frequencies ranging from 200 to 900 MHz. The active slot
antenna gain is 13 � 3dB for frequencies from 1 to 3.3 GHz. The active wearable
antennas may be used in energy harvesting systems for wireless communication
and medical applications. The RF energy harvesting system consists of an antenna, a

Figure 23.
Typical I–V curves of Schottky diodes.

Figure 24.
Medical wearable harvesting system.
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Figure 24 presents a wearable harvesting system and a wearable battery charger
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gain is 24 � 2.5 dB for frequencies ranging from 200 to 900 MHz. The active slot
antenna gain is 13 � 3dB for frequencies from 1 to 3.3 GHz. The active wearable
antennas may be used in energy harvesting systems for wireless communication
and medical applications. The RF energy harvesting system consists of an antenna, a

Figure 23.
Typical I–V curves of Schottky diodes.

Figure 24.
Medical wearable harvesting system.
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rectifying circuit, and a rechargeable battery. The harvesting energy system
operates as a dual mode energy harvesting system. The low-noise amplifier is part of
the receiving system. The LNA DC bias voltages are supplied by the receiving
system.
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Abstract

This chapter was presented to promote the development of Wavelength Division 
Multiplexing, WDM networking system based on Polymer Optical Fiber (POF). 
1 × 3 POF coupler has been fully utilized to couple the WDM optical signals. An 
optimum efficiency analysis and mathematical modeling has been conducted to 
produce an effective device to be integrated into WDM-POF system. But despite its 
high speed data transmission feature, optical fiber technology remains an expensive 
option in optical network, although the installation costs associated with fiber 
through the transmission network can be minimized through the fabrication of 
1 × 3 POF coupler. The objective of this chapter is identifying the differences in fac-
tors affecting the output power of the POF 1 × 3 coupling. It is then able to develop 
an efficient WDM-POF network system with high output power at a minimal cost. 
Several measurements using a power meter record performance and analysis device 
losses and power outputs. The demultiplexer efficiency is approximately 70%. 
Demultiplexer fabrication is easy with color and epoxy filters, although for some 
parts it requires careful attention. The output shows that Ecofriendly WDM-POF 
Optical Coupler can be used as one of the low-cost media for home networking and 
automotive applications.

Keywords: PMMA, optical fiber, POF, WDM, network

1. Introduction

The research in this chapter was carried out to optimize the efficiency of 
components and the entire system of Wavelength Division Multiplexing, WDM 
networking system based on Polymer Optical Fiber (POF). To achieve this purpose, 
a deeper analysis was performed on  1 × 3  POF coupler using fusion techniques in 
order to obtain and observe a number of parameters which directly affect the value 
of coupler’s efficiency.

POF has many advantages compared to silica fiber and copper wires for short-
distance applications, such as low cost, easy installation and connection, the 
integration of low cost LED and so on. These advantages lead to a high demand on 
data transmission in various applications, especially regarding home-networking 
and In-Vehicle Infotainment, or IVI’s system on automotive field.
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POF was initially used in automotive application for the first time in 1998 by 
Daimler-Chrysler. The development of optical data path is known as Domestic 
Digital Bus (D2B). Sensing is just one application area in automotive where photon-
ics is used [1]. Typically, transport data path protocol so-called Media Oriented 
System Transport (MOST) with a speed of 24.8 Mbit/sec is used in many cars. 
However, this transmission data with Time Division Multiplexing (TDM)‘s based 
network (as shown in Figure 1) has its own disadvantages where in the event of one 
or more malfunction lines (in the ring topology) will affect other line or more in 
MOST system.

In this analysis we aim to provide a better solution to a problem in the topology 
of ring bandwidth that many foreign carmakers use for the infotainment system of 
their network.

Laser can be very hazardous as best transmitting medium that can be used 
alongside GOF until the leakage taken place from the GOF body structure. A fiber-
released extremely high intensity light ray can potentially burn a human retinas and 
lead to a permanent blind. It was hard to imagine if this silica-based technology was 
put in place inside the vehicle where consumers used this data transmission services 
directly.

In the meantime, the combination of POF, which is very suitable for a light-
emitting diode (LED) system, can be seen as the best solution to offer a more secure 
data communication network, not to mention the lowest cost we can get for initial 
and production costs. For applications such as machine or peripheral connections, 
control and monitoring, board interconnections and even domestic hi-fi systems, 
POF links are becoming increasingly popular. Unlike GOF, POF remains versatile 
with a large core diameter and low numerical aperture, resulting in a high capacity 
that they can bring along the fiber.

The ‘ecofriendly’ area involves a rapidly changing group of methods and materi-
als, ranging from energy generation techniques to non-toxic cleaning products. The 
general perception is that in recent decades the IT-revolution is bringing innovation 
and improvements to daily life of a similar scale. In these early stages, it is difficult 
to predict what may potentially constitute ‘ecofriendly’ [2].

In the current world, IT-societies face an increasingly serious challenge: on the 
one hand, the multimedia-rich data transmitted travels at amazing speed, and on 
the other the total energy consumption of communication and networking devices 
and the resulting global CO2 emission are rising at an enormous rate. It is reported 
that currently, 3% of the world’s energy is used by ICT, a system that generates 
roughly 2% of the world’s CO2 emissions, equal to worldwide CO2 emissions by 
aircraft or a fifth of the world’s CO2 emissions by vehicle [3].

Figure 1. 
Sensor application using photonics in automotive area (source: hamamatsu.com).
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According to Ericsson Media Relations’ recent research survey, cost of 
energy account for roughly half the operating costs of a mobile operator. 
Telecommunications technologies may therefore have a clear, tangible impact on 
reducing greenhouse gas emissions, power consumption, and effectively recycling 
infrastructure waste [4].

Therefore, finding solutions for optical communication’s system that can 
greatly improve energy and resource efficiency not only helps the global environ-
ment, but also makes economic sense for telecom operators promoting viable 
and profitable business. Within the context for ‘ecofriendly’ a range of paradigm 
shifting technical solutions can be anticipated, including but not limited to energy-
efficient network architecture & protocols, energy-efficient wireless transmis-
sion technologies (e.g. reduced transmission capacity & radiation), cross-layer 
synchronization strategies, and opportunistic spectrum exchange without creating 
dangerous inter-radiation [4].

The Ecofriendly WDM-POF is provided on the basis of a network system 
consisting from POF. Ecofriendly WDM-POF is developed using a method that 
is environmentally friendly to divide and recombine a range of wavelengths. The 
Ethernet connection, DVD player and CCTV system was extensively used in three 
different wavelengths from ecologically friendly LED transmission systems. Red 
LED that is able to download and upload information over a 650 nm wavelength 
via Ethernet cable and green LED sends a video signal at a wavelength of 520 nm 
for DVD player while 470 nm LED will distribute the captured video using CCTV 
system. The Ecofriendly WDM-POF system will select a specific signal and produce 
it, if required. Special filter has been placed between the coupler and the receiv-
ing point. System and network performance are observed. In this chapter the 
product, production process, device and implementation strategy is focused on an 
environmentally sustainable solution for reducing energy usage and waste without 
impacting overall performance. The first documented approach in this paper is our 
Ecofriendly WDM-POF network implementation.

2. The advantages of LED lights for the environment

Taking care of the environment is a duty that everyone should feel responsible for. 
Most of us already know of environmentally friendly practices such as recycling to 
minimize pollution and reduce our carbon footprint. Most citizens, though, do not 
learn of new and upcoming technology that we can use to help reduce carbon emis-
sions. Light-emitting diode (LED) lighting is a good example of this, which brings 
some environmental benefits. LED is a light source with a semiconductor that emits 
light when the current passes through it. Electrons, recombine with electron holes 
in the semiconductor, releasing energy in photon form. The color of the light (cor-
responding to the photons’ energy) is determined by the energy that electrons need 
to reach the semiconductor’s band gap. White light is generated on the semiconductor 
device using several semiconductors or a film of light-emitting phosphorus.

LED lighting is up to 80% more effective than conventional lighting includ-
ing fluorescent or incandescent lamps. 95% of energy is turned to light in LEDs 
and only 5% is lost as heat. This is contrasted to fluorescent lights that turn 95% 
of energy to heat and only 5% to light LED lights can have much less power than 
conventional lighting; a traditional 84 watt fluorescent can be replaced with a 36 
watt LED that offers the same amount of illumination. Lower energy consumption 
reduces demand from power plants and lowers emissions of greenhouse gases.

LED lights do not contain toxic materials. Many workplaces still use fluores-
cent strip lamps containing harmful chemicals like mercury. It contaminates the 
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Figure 1. 
Sensor application using photonics in automotive area (source: hamamatsu.com).

39

Optimum Efficiency Analysis of Ecofriendly WDM-POF Optical Coupler
DOI: http://dx.doi.org/10.5772/intechopen.90510

According to Ericsson Media Relations’ recent research survey, cost of 
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of energy to heat and only 5% to light LED lights can have much less power than 
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watt LED that offers the same amount of illumination. Lower energy consumption 
reduces demand from power plants and lowers emissions of greenhouse gases.

LED lights do not contain toxic materials. Many workplaces still use fluores-
cent strip lamps containing harmful chemicals like mercury. It contaminates the 
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atmosphere when disposed of in waste pits. Disposal needs to be managed via a 
certified waste carrier so that switching to LED reduces costs and time to enforce-
ment–which helps protect the environment against further toxic waste.

LEDs have a better light transmission efficiency and focus light in one direction, 
compared to other types of light that waste energy in all directions, often illuminate 
areas where no light is needed (e.g. the ceiling). It needs fewer LED lights to achieve 
the same level of luminosity as fluorescent and incandescent lamps. Less lighting 
can reduce energy usage and thus benefit the environment.

A longer life span means lower production of carbon LED lights last up to six 
times longer than other lamp types, eliminating the regular maintenance demand. 
This leads to the use of fewer lamps and therefore fewer resources for production, 
processing and transport processes [5].

3. A novel fused coupler

A novel fused coupler and the special filter –an advanced design of WDM-POF 
network implementation, are two key elements of the WDM-POF system in this 
chapter. We suggest an innovative fusion technology that is simple and inexpensive 
to use with Bunsen burner and metal tube to produce indirect heating processes 
with low structural defects, low excess losses and a good splitting ratio in the 
production of POF-based coupler.

The term ‘fusion’ typically describes the operation or method of liquefying and 
melting by applying heat. The fabrication approach varies notably from traditional 
biconical technique. Seeing that the fabrication of polymer fiber is not subject to very 
high temperatures, POF’s are liquefied with yellow flame Bunsen burners (1000°C) 
indirect heat treatment rather than with an oxyhydrogen burner (heating temperatures 
T = 2660°C) applied conventionally to the production of GOF-based couplers [6, 7].

Metal tube is used to protect the POF structure from direct heater during the 
fiber fusion process of indirect heating. POFs which are vulnerable to severe dam-
age in their core cause heating a bundle of POFs directly to the burner flame.

In the new method of fusion, as shown in Figure 2, fusion length Lf, twist T 
number, fusion time tf, pulling length Lp and other parameters are controllable 
parameters. The multimode step indexed POF with a core diameter of 1 mm of 
Polymethylmethacrylate (PMMA) was used as material for second-generation 
couplers. PMMA is one of the optical components most frequently used. The inher-
ent absorption loss is mainly due to the stretching vibration of carbon hydrogen in 
PMMA core [7]. Polyvinylchloride (PVC) is another component used to cover the 
POF ports as a jacket.

The high cost of industrial coupler was posed as a crucial obstacle for the 
creation of wavelength division multiplexing (WDM), according to Kagami’s 2006 
Toyota R&D analysis report [8]. The fabrication process of expensive BFT device 
is considered a high production cost factor. The diameter of the fused taper area is 
extremely small by traditional BFT fabrication process, in which strain is accumu-
lated and result in poor structural survivability.

Following the adaptation of the fused tapering technique for traditional 
multimode fiber, we successfully established the fabrication process for fused 
taper couplers with 1 × N POF. The handmade 1 × N coupler is an optical device 
that ends with N number of POF output terminals, while the other ends with 
one POF port. Like other traditional couplers, bidirectional operation is also 
possible, working from the N ports to 1 port (for coupling signal purposes) or 
vice versa (for splitting signals purposes). For instance, the optical 1 × 4 coupler 
formed by combining four Polymethylmethacrylate (PMMA) POF [9]. The output 
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POF is designed and fabricated to fuse the tapered shape in some detail. Figure 2 
shows the process 1 × 4 POF coupler.

Standard multimode SI-POF is used with its core diameter of 980 μm, cladding 
thickness of 10 μm and the refractive index is 1.49. To obtain the results, demulti-
plexer is realized using handmade color films attached using epoxy resin to the edge 
of the connectors. The components are chosen because they are low cost and are 
easily found in the market [10].

4. Ecofriendly WDM-POF

For applications like home networking, car industry, board interconnection, also 
residential hi-fi networks POF connectivity is increasingly prevalent. POF is versatile, 

Figure 2. 
Fabrication process of fused tapered coupler: (a) configuration, (b) twisting and (c) fusion and (d) prototype 
of the 1 × 4 handmade coupler fabricated by fused tapering technique.
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as compared to GOF, with a wide core and a lower numerical aperture [1] and it can 
carry a high fiber capacity The optical coupler plays an important role among passive 
components for POF technologies, which is enabled by the versatility of a full product 
range. A POF coupler has been developed with various techniques. Thermal deforma-
tion, refining and merging, hand polished, scraping, etching, molding, reflecting body 
and biconic body are all common techniques have been applied in recent years [11].

In order to increase bandwidth to wavelength division multiplexing (WDM) 
in beginning topology, our current POF communication system enables data to be 
conveyed over more than one single wavelength. WDM is a system in which several 
signals are transmitted together in a multiplexed signal as separate wavelengths 
of light. As the Figure 3 shows, WDM Multiplexer is the first active WDM-POF 
network designed to merge optical signals onto a single fiber from multiple single-
wave end devices. If one of the signals (audio, video, Ethernet, etc.) breaks down, 
the network will not impact others if the primary transmission line is ineffective.

In WDM-POF system, many transmitters with different lights color to carry 
single information. For example, red light with 665 nm wavelength modulated 
with Ethernet signal while blue (λ1), green (λ2) and yellow (λ3) lights carry image 
information, RF and TV signal, respectively [7]. The Multiplexer (MUX) must 
couple the light and separate it by demultiplexer (DEMUX).

Due to its simple device approach for extending, WDM has extended over the 
past 20 years, the average bit rate of transmission into GOF-long-range systems: 
introducing another source of specific transmission wavelengths in combination 
with the MUX/DEMUX component directly increases the utilizable speed. The 
wavelengths for the WDM from 400 to 700 nm, as shown in Figure 4, are used 
because of the attenuation in POF.

By practice, the same device can also conduct the reverse of the same WDM 
methods, in which several wavelength information streams are split up into multiple 
single wavelength data flows. The reverse is termed de-multiplexing. Conceptually, 
as a single coupled signal, POF coupler has the same purpose, functions to couple or 
combine multiple optical data signals. Hence the design of POF couple-based WDM is 
feasible. A low-cost solution will be presented for POF-WDM system implementation.

Multiplexing the wavelength division has several advantages over the other 
approaches proposed to enhance a link’s capacity:

1. Deals with appliances of low speed [12]

2. Works for existing single mode cable [12]

Figure 3. 
Proposed design for WDM-POF network in star topology able to transmit three different signals: Ethernet (λ1), 
audio system (λ1) and CCTV (λ1) at the same time through one fiber.
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3. Is transparent: does not rely on the protocol to be transmitted [2, 12]

4. If consumers need it, it is simple for network providers to add additional 
capacity in a few days. It offers WDM businesses an economic benefit. Part of 
a fiber can be leased to a consumer who gets quick access to networks without 
link to others. On the other side, the telecom company still has a separate part 
of the network for other clients [12, 13]

5. Is scalable: a new channel can easily be added to existing channels instead of 
moving to a new technology. Companies only have to pay for the bandwidth 
they actually need [12, 14].

In the form of an effective transmission medium, a novel fused POF coupler is 
fabricated to split and recombine a range of wavelengths that represent different 
signals. Three separate wavelengths are used for the propagation of three specific 
networks sources: network link, infotainment network and video transmission 
system. With a 665 nm wavelength red LED capable of downloading and uploading 
information via Ethernet cable, while a 520 nm green LED could transmit a video 
image created from DVD player, and a 470 nm blue LED is an video transmission 
network for CCTV system within the building.

The coupler and the receiver ends will be filtered with special interference so 
that the whole WDM system can select a single signal as needed. These solutions for 
interference filters are known for the visible spectrum and can be used not only in 
the infrared.

To removed unnecessary signals and select the wavelength of the system as 
desired for the filter design. Other parameters will be observed, e.g., the effect of 
the filter position and the efficiency of the WDM-POF system, including optical 
output power, power loss, optical noise ratio and sensor crosstalk.

The color filters are made up of two types of plastic, almost the same as POF 
material About 65% of the line is made of polycarbonate plastic co-extruded. The 
remainder of the line is deep dyed polyester [15, 16]. By subtracting those color 
wavelengths, filters generate light. A red filter, therefore, absorbs blue and green 
so that only the red wavelengths can pass. The method is non-additive subtractive, 
so a full spectrum must be emitted by the light source. The swatch book provides 
detailed information about each filter’s spectral energy curve. The curve defines the 
color wavelengths that each filter transmits. Supergel 342, for instance, transmits 

Figure 4. 
Attenuation behavior of a POF in the area of the visible spectrum. (source: Gupta [2]).
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about 40% of the blue and violet energy in the spectrum and 70% of the orange and 
red energy. In the yellow and green range, it absorbs all energy [15, 16].

In this analysis, several colors of red, blue and green filters are evaluated and 
selected for optimum experiment performance. By reading the curves of the 
spectral energy distribution (SED), the way the filter colors are selected. In the 
infrared range above 700 nm, filters that transmit high levels at 700 nm can also 
transmit high levels. The visible red light, for example, has a wavelength of around 
665 nm. Red’s filter color is chosen by which film offers the highest percentage of 
transmission and minimal loss. The same goes with choosing green and blue color 
filters. Eleven different colors were chosen for each red, green and blue filter in 
this experiment The goal is to observe which one of the options is better, showing 
maximum transmission and minimal losses.

The demultiplexer is produced by attaching the multimode POF at one end of the 
fiber with a connector. A small piece of color films are cut out and prepared for instal-
lation on the socket The glue used in this fabrication is epoxy resin, which consists of 
resin and hardener as mentioned before. When both the resin and the hardener are 
mixed a strong adhesive is produced that holds the components to be rigidly attached 
together. Using resin, the small piece of color film is then applied to the edge of the 
socket after polishing the end of the fiber connected to the socket. Instead, after apply-
ing the film on the resin to be applied to the socket, the part is then held tightly together 
for about 2 minutes to ensure that there is no gap between them and that a strong bond 
produced. This part has to be done carefully since it is important to avoid the epoxy 
resin coating the surface of the fiber as much as possible so that any power losses can be 
avoided when measuring. Nevertheless, since the socket edge is quite thin and sharp, it 
is not possible to avoid the spread of the epoxy resin to the fiber surface 100%.

After the adhesive is sealed, the POF is placed in a secure location so that the 
adhesive is not contaminated and is left to dry up. It usually takes nearly a day to 
completely set the resin. Upon curing of the epoxy, the film that attached to the end 
of the connector is cut in circle according to the shape of the socket’s end. After the 
production process is carried out, the injection loss and energy consumption for 
each POF is measured and recorded. The power meter is the device used for read-
ing. Most samples were produced in this test to get the best results and see which of 
the color filters showing the most transmission and providing the least losses. The 
POF’s length is set at 3 meters long.

As shown in Figure 5, The test bed has been set up for 1 × 3 WDM-POF net-
works to calculate the performance of the handmade coupler-filter combination for 
the entire system. Red, green and blue LED transmitters inject each of the red filters 
and readings are taken accordingly. The same is done for the filters blue and red. 
It is found that measurements should be visible on the meter when calculation is 
performed with the power meter, otherwise the samples cannot be used to evaluate 
the characterization. Next, the POF with film must be attached to another short 
fiber using connector to calculate and obtain the readings. Then the other end of the 
short fiber to the power meter socket will be connected. The power meter compari-
son for red LED is set to-10.7 dBm, as is the case for blue and green LED. The other 
end of the POF (that without film) is attached to the transmitter before the readings 
can be taken. The LED is then inserted by the fiber and the injection loss rate and 
energy consumption is measured for each sample accordingly.

The transmitters carry a certain amount of information or data when each 
transmitter carries signals of different wavelengths defined by the LED. When 
filtering any other wavelength, the specially tailored color films are used. This 
requires only a photon to travel through the image and so transmits the data sent 
to the receiver. In Figure 6 it is simple to understand filtering and signal coupling 
operation and Figure 7 for the experiment of 1 × 2 POF-WDM system through a 
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Figure 5. 
Test bed for 3-channels WDM-POF system to transmit three different (ethernet, CCTV and DVD player) 
signals.

Figure 6. 
WDM-POF system design using 1 × 2 handmade coupler and filters.

Figure 7. 
1 × 2 demultiplexer is used to split the signal to different frequency (color). The multiplexed signal is separated 
according to the application (e.g. data & video signal) respectively.



Innovation in Global Green Technologies 2020

44

about 40% of the blue and violet energy in the spectrum and 70% of the orange and 
red energy. In the yellow and green range, it absorbs all energy [15, 16].

In this analysis, several colors of red, blue and green filters are evaluated and 
selected for optimum experiment performance. By reading the curves of the 
spectral energy distribution (SED), the way the filter colors are selected. In the 
infrared range above 700 nm, filters that transmit high levels at 700 nm can also 
transmit high levels. The visible red light, for example, has a wavelength of around 
665 nm. Red’s filter color is chosen by which film offers the highest percentage of 
transmission and minimal loss. The same goes with choosing green and blue color 
filters. Eleven different colors were chosen for each red, green and blue filter in 
this experiment The goal is to observe which one of the options is better, showing 
maximum transmission and minimal losses.

The demultiplexer is produced by attaching the multimode POF at one end of the 
fiber with a connector. A small piece of color films are cut out and prepared for instal-
lation on the socket The glue used in this fabrication is epoxy resin, which consists of 
resin and hardener as mentioned before. When both the resin and the hardener are 
mixed a strong adhesive is produced that holds the components to be rigidly attached 
together. Using resin, the small piece of color film is then applied to the edge of the 
socket after polishing the end of the fiber connected to the socket. Instead, after apply-
ing the film on the resin to be applied to the socket, the part is then held tightly together 
for about 2 minutes to ensure that there is no gap between them and that a strong bond 
produced. This part has to be done carefully since it is important to avoid the epoxy 
resin coating the surface of the fiber as much as possible so that any power losses can be 
avoided when measuring. Nevertheless, since the socket edge is quite thin and sharp, it 
is not possible to avoid the spread of the epoxy resin to the fiber surface 100%.

After the adhesive is sealed, the POF is placed in a secure location so that the 
adhesive is not contaminated and is left to dry up. It usually takes nearly a day to 
completely set the resin. Upon curing of the epoxy, the film that attached to the end 
of the connector is cut in circle according to the shape of the socket’s end. After the 
production process is carried out, the injection loss and energy consumption for 
each POF is measured and recorded. The power meter is the device used for read-
ing. Most samples were produced in this test to get the best results and see which of 
the color filters showing the most transmission and providing the least losses. The 
POF’s length is set at 3 meters long.

As shown in Figure 5, The test bed has been set up for 1 × 3 WDM-POF net-
works to calculate the performance of the handmade coupler-filter combination for 
the entire system. Red, green and blue LED transmitters inject each of the red filters 
and readings are taken accordingly. The same is done for the filters blue and red. 
It is found that measurements should be visible on the meter when calculation is 
performed with the power meter, otherwise the samples cannot be used to evaluate 
the characterization. Next, the POF with film must be attached to another short 
fiber using connector to calculate and obtain the readings. Then the other end of the 
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Figure 5. 
Test bed for 3-channels WDM-POF system to transmit three different (ethernet, CCTV and DVD player) 
signals.

Figure 6. 
WDM-POF system design using 1 × 2 handmade coupler and filters.

Figure 7. 
1 × 2 demultiplexer is used to split the signal to different frequency (color). The multiplexed signal is separated 
according to the application (e.g. data & video signal) respectively.
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combination of red and green filter. Figure 7 explained the activity when one of the 
source deactivated, the crosstalk between both fibers occurred affect the efficiency 
both transmission, red and green LED.

5. Results

The 1 × 3 coupler design plays an important role in combining three optical 
signals by the fused taper twisted component (see Figure 2) in which all three 
POFs fused and combined as so-called single POF. The fused tapered POFs should 
be manufactured and all bundled fibers fully fused. Otherwise, it would likely not 
be possible to pass on the signal led to a failure when combining the single signal 
numbers. [10, 17, 18].

Either during manufacturing processes or during characterization test stages the 
error may occur. Controlled heat anomalies during the fusion process become one 
of the major problems because it makes the core structure of POF more responsive 
to the heating process. When impaired, it becomes impossible or even difficult to let 
a light pass through the core To avoid micro-scaled cracks on core it’s important to 
stop twisting and tightening POF. For that cause, if indirect heating is done through 
fiber, we use the metal tube to reduce the damage to the system.

The excessive deformation in the fused fiber bundle was reduced by indirect 
heating. It makes the fabrication of the fused-tapered fiber simpler and more effec-
tive. In particular, the constant processing capability ensures that fabrication time 
and productivity is minimized. This approach would significantly reduce the cost of 
making the coupler [6].

Bidirectional optical loss calculation was performed to investigate exactly the 
value of the energy intensity for each fused bundle POF output, whereby the red 
LED was inserted on both sides of the Fused Bundle independently through each 
POF input.

For both directions (left and right), the average optical loss for the fused POF 
bundle was measured and analytically compared. The analysis can be seen as shown 
in the Figure 8.

Figure 8. 
Efficiency for fused bundle fibers from best to worst sample in both directions and the linear function 
of the 1 × N.
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The finding above indicates that the optical loss in different directions for the 
fused bundle was not comparable. The fused POF bundle has an evaluation in 
the right direction of reduced optical loss. Therefore, it has been chosen as a POF 
coupler from the right side of the POF bundle because it can integrate multiple 
optical signals and produce an optical signal with decreased attenuation and greater 
efficiency than the other. Nevertheless, optical losses for the fused bundle are 
caused primarily by physical modification of the POF, especially of the Fused Taper.

The improvement in the initial POF diameter resulted in a significant change in 
optical properties with the numerical aperture and maximum acceptance angle. All 
these improvements are based on the principle of spoil light propagation; there are 
more refracted beams of light and they are scattered out beyond the atmosphere [19].

In terms of market value, correlation of handmade and commercial couplers was 
observed. The total cost of a 1 × 4 handmade POF coupler is less than 3 USD but 
not less than 250 USD for a commercial coupler available on the market. Currently, 
many devices are in use to couple a signal, such as a low-cost plastic optical fiber 
coupler from 1 × 2 acrylic-based [11]. Nevertheless, since the manufacturing pro-
cesses were very difficult and costly, the handmade POF coupler can be considered 
a potential solution to this issue.

This research categorizes the optical loss as extrinsic loss because of the physi-
cal change of POF, LED projection to POF and the core-to-core connection end [3, 
16]. The physical change in POFs caused by the fabrication process is observed to 
decrease by POFs in diameter to 1 mm and POFs have eventually fused into tapered 
form. Optical degradation may be caused by the direct LED projection to the POF 
surface when analysis takes place. In addition, the connection between the fused 
tapered POF and the POF cable can cause optical loss [20].

The other factor which is critical in transmitting two separate wavelength 
signals on transmitters is the filter between the coupler and the receiver point. Two 
separate LEDs were used in this research, related to video signals (CCTV and DVD 
player); blue LEDs (470 nm) transmit DVD player images through fiber and green 
LEDs (570 nm) for CCTV, so that the high-quality video signals can be viewed on a 
monitor screen.

The filter itself has also been tested for its effectiveness. The correlation comes 
from both green and red LED output during the propagation of a different signal 
to be divided by a POF connector and the optical energy meter was placed directly 
before the port of transmission of the transmitter, as shown in Figure 9.

Figure 9. 
(a) Power loss comparison between blue and green LED and (b) in linear function, green LED represent the 
video quality of the CCTV while blue LED represent the DVD player image quality.
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The finding above indicates that the optical loss in different directions for the 
fused bundle was not comparable. The fused POF bundle has an evaluation in 
the right direction of reduced optical loss. Therefore, it has been chosen as a POF 
coupler from the right side of the POF bundle because it can integrate multiple 
optical signals and produce an optical signal with decreased attenuation and greater 
efficiency than the other. Nevertheless, optical losses for the fused bundle are 
caused primarily by physical modification of the POF, especially of the Fused Taper.

The improvement in the initial POF diameter resulted in a significant change in 
optical properties with the numerical aperture and maximum acceptance angle. All 
these improvements are based on the principle of spoil light propagation; there are 
more refracted beams of light and they are scattered out beyond the atmosphere [19].

In terms of market value, correlation of handmade and commercial couplers was 
observed. The total cost of a 1 × 4 handmade POF coupler is less than 3 USD but 
not less than 250 USD for a commercial coupler available on the market. Currently, 
many devices are in use to couple a signal, such as a low-cost plastic optical fiber 
coupler from 1 × 2 acrylic-based [11]. Nevertheless, since the manufacturing pro-
cesses were very difficult and costly, the handmade POF coupler can be considered 
a potential solution to this issue.

This research categorizes the optical loss as extrinsic loss because of the physi-
cal change of POF, LED projection to POF and the core-to-core connection end [3, 
16]. The physical change in POFs caused by the fabrication process is observed to 
decrease by POFs in diameter to 1 mm and POFs have eventually fused into tapered 
form. Optical degradation may be caused by the direct LED projection to the POF 
surface when analysis takes place. In addition, the connection between the fused 
tapered POF and the POF cable can cause optical loss [20].

The other factor which is critical in transmitting two separate wavelength 
signals on transmitters is the filter between the coupler and the receiver point. Two 
separate LEDs were used in this research, related to video signals (CCTV and DVD 
player); blue LEDs (470 nm) transmit DVD player images through fiber and green 
LEDs (570 nm) for CCTV, so that the high-quality video signals can be viewed on a 
monitor screen.

The filter itself has also been tested for its effectiveness. The correlation comes 
from both green and red LED output during the propagation of a different signal 
to be divided by a POF connector and the optical energy meter was placed directly 
before the port of transmission of the transmitter, as shown in Figure 9.

Figure 9. 
(a) Power loss comparison between blue and green LED and (b) in linear function, green LED represent the 
video quality of the CCTV while blue LED represent the DVD player image quality.
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The blue LED shows a higher loss as compared to the red LED in Figure 9. 
DVD images are highly sensitive to varying distances, the greater the distortion, 
the more the distortion resulted in the screen, the less performance of fiber data 
transfer.

The variations between the two signal rates were 3 dB and the performance of 
the video transmission system on the low-cost WDM-POF platform was increased. 
Figure 10 demonstrates the video quality using the WDM-POF process.

Comparison for the optical line either using the filter or not, has been analyzed. 
The insertion loss of the cable with or without red filter is visualized in Figure 11, 
also with it logarithm and linear function of the data.

From the result, the insertion loss measured by the power meter is showing 
small loss rates when a film is attached to its socket when all the components are 
configured and red LED is injected. This also applies when injecting blue and green 
LEDs. We are taking red film A (filer labeled #4690) as the main filter for char-
acterizing the same film using different sources and inject it with all three LEDs, 
red, green and blue. The results show a small increase in losses, compared to initial 
losses before the film is attached to the fiber, in the red-injected filter with a Red-
outlet-transmitter. When the film is attached to the fiber it is the same for the power 
output. As Figure 12 shows, an injection loss of 1 dB was reported right after the 
resin was inserted into the connector.

An increase of 5.3 μw of power output is observed. This is expected since the 
used of epoxy resin and the transmission limitation of the film gives the obtained 
data. However, different results are observed when blue and green LEDs are 
injected to the red filter. Small decrease of losses is observed when the fiber is 
attached with the film compared to before the fiber is attached with the film. 
The utilization of epoxy resin is ruled over by the higher transmission of green 
and blue transmitter through the particular red film. Above case happens when 

Figure 10. 
Video quality of WDM-POF system of (a) 50 m, (b) 30 m, (c) 20 m and (d) 10 m of optical transmission line.

49

Optimum Efficiency Analysis of Ecofriendly WDM-POF Optical Coupler
DOI: http://dx.doi.org/10.5772/intechopen.90510

the transmission percentage of the particular red film also shade or covers some 
percentages of green and blue wavelength region.

For characterization of same source injected through different filters, red 
LED is taken as the primary source. From the result, it is observed that sample 7 
shows least losses and decrease of efficiency, while sample 3 shows the opposite. 
Since sample 3 being the one among the darkest film color meaning that only 
small or narrow transmission percentage of red LED or transmitter is allowed 

Figure 11. 
Effect on resin for demultiplexer filters approximately 1 dB insertion loss occurred on the measurement between 
before and after connector glued by epoxy.

Figure 12. 
Comparison between result from experimental and theory measured from red filter signal injected by red LED 
with 665 nm wavelength.
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the transmission percentage of the particular red film also shade or covers some 
percentages of green and blue wavelength region.

For characterization of same source injected through different filters, red 
LED is taken as the primary source. From the result, it is observed that sample 7 
shows least losses and decrease of efficiency, while sample 3 shows the opposite. 
Since sample 3 being the one among the darkest film color meaning that only 
small or narrow transmission percentage of red LED or transmitter is allowed 

Figure 11. 
Effect on resin for demultiplexer filters approximately 1 dB insertion loss occurred on the measurement between 
before and after connector glued by epoxy.

Figure 12. 
Comparison between result from experimental and theory measured from red filter signal injected by red LED 
with 665 nm wavelength.
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Figure 14. 
Effect on combination of working function between optical sources and filters, whereas all three filters (red, 
green and blue) were injected by light source (a) λ1 = 470 nm, (b) λ2 = 520 nm and (c) λ3 = 665 nm.

Figure 13. 
Comparison between result from experimental and theory measured from (a) green and (b) blue filter signal 
injected by red LED with 665 nm wavelength.
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to get through. The utilization of epoxy resin may also contributes to the defi-
ciency of power output (efficiency) since the losses increase a lot for sample 3 
apart from the reason it being a dark film with small percentage of transmission. 
On the other hand, the effect of efficiency of sample 7 is small because the larger 
percentage of transmission for red LED. According to the ROSCO SED Swatch 
Report. The predicted outcome can now be correlated with the expected signal 
from the color filter hypothesis, from the sample setup and the actual signal. The 
figure shows that on average less than 1 dB is the difference between experiments 
and theory.

The green and blue films technically are filtered out or block red LEDs due to 
a different wavelength spectrum of red transmitters that are released by various 
color films of different wavelengths, such as green and blue films. The red LED data 
analysis shown through green filters reveals that sample 1 blocks most transmission 
in areas with approximately 35 dB lower efficiency and the lowest loss among all 
samples (see Figure 13a). The same applies to blue filters, which mostly block the 
red LED transmission (see Figure 13b). The lighter color films (green and blue) 
the smaller the output, in this case red LED, with various wavelength sources. The 
lightweight color film permits the transmitting of red LED.

Contrast the red filters with green filters and the blue ones, block some red LEDs 
as it is clear that the film can only be crossed by red wavelengths (т = 665 nm). The 
film blocks any other propagation not within the spectrum of the wavelength. This 
principle is the main idea for the demultiplexer model.

Furthermore, combination of working function between LED sources and color 
filter plays an important role in WDM-POF system. Some samples each attached 
with three different color filter (blue, green and red filter) has been injected with 
three different sources (blue, green and red LED) and the graph of each insertion 
loss has been plotted in Figure 14 below.

See Figure 14 above, all data have more variations directly after light hit the 
filter via fiber as blue filter was inserted by all three optical sources blue green and 
red color. Likewise, all light sources will fluctuate the data transmission capacity 
except the blue LED. This fluctuation was caused by the SED percentage of each 
filter and by the intensity of each light source. The greater light source strength was 
transmitted by the more fluctuating graph and the less significant of SED percent-
age deviation was the less fluctuating effect.

6. Conclusions

To summarize, the idea of a single channel or wavelength for POF is extended 
before the WDM definition is introduced, which results in a restriction of band-
width. By increasing the bandwidth of the Ecofriendly WDM-POF solves this 
problem. The theory of WDM indicates efficiency, which in short-distance com-
munication has become the alternative. An optical division was made using multi-
mode SI-POF type with 1 mm core size based on POF technology. The coupler was 
developed through fabrication and characterization stages. A technology was also 
employed to develop a short-haul communication demultiplexer based on optical 
polymer fiber.

This experiment shows multiple signals received via a single fiber of dif-
ferent wavelengths. This model was based on the principle of multiplexer and 
demultiplexer. The system uses just three wavelengths: blue (λ1 = 430 nm), green 
(λ2 = 570 nm), and red (λ3 = 665 nm) to transmit the transmission components 
as well as demultiplexer filters. The red, green and blue light source are mixed by 
multiplexer and separated by demultiplexer.
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Figure 14. 
Effect on combination of working function between optical sources and filters, whereas all three filters (red, 
green and blue) were injected by light source (a) λ1 = 470 nm, (b) λ2 = 520 nm and (c) λ3 = 665 nm.

Figure 13. 
Comparison between result from experimental and theory measured from (a) green and (b) blue filter signal 
injected by red LED with 665 nm wavelength.
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percentage of transmission for red LED. According to the ROSCO SED Swatch 
Report. The predicted outcome can now be correlated with the expected signal 
from the color filter hypothesis, from the sample setup and the actual signal. The 
figure shows that on average less than 1 dB is the difference between experiments 
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a different wavelength spectrum of red transmitters that are released by various 
color films of different wavelengths, such as green and blue films. The red LED data 
analysis shown through green filters reveals that sample 1 blocks most transmission 
in areas with approximately 35 dB lower efficiency and the lowest loss among all 
samples (see Figure 13a). The same applies to blue filters, which mostly block the 
red LED transmission (see Figure 13b). The lighter color films (green and blue) 
the smaller the output, in this case red LED, with various wavelength sources. The 
lightweight color film permits the transmitting of red LED.

Contrast the red filters with green filters and the blue ones, block some red LEDs 
as it is clear that the film can only be crossed by red wavelengths (т = 665 nm). The 
film blocks any other propagation not within the spectrum of the wavelength. This 
principle is the main idea for the demultiplexer model.
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filter plays an important role in WDM-POF system. Some samples each attached 
with three different color filter (blue, green and red filter) has been injected with 
three different sources (blue, green and red LED) and the graph of each insertion 
loss has been plotted in Figure 14 below.

See Figure 14 above, all data have more variations directly after light hit the 
filter via fiber as blue filter was inserted by all three optical sources blue green and 
red color. Likewise, all light sources will fluctuate the data transmission capacity 
except the blue LED. This fluctuation was caused by the SED percentage of each 
filter and by the intensity of each light source. The greater light source strength was 
transmitted by the more fluctuating graph and the less significant of SED percent-
age deviation was the less fluctuating effect.
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To summarize, the idea of a single channel or wavelength for POF is extended 
before the WDM definition is introduced, which results in a restriction of band-
width. By increasing the bandwidth of the Ecofriendly WDM-POF solves this 
problem. The theory of WDM indicates efficiency, which in short-distance com-
munication has become the alternative. An optical division was made using multi-
mode SI-POF type with 1 mm core size based on POF technology. The coupler was 
developed through fabrication and characterization stages. A technology was also 
employed to develop a short-haul communication demultiplexer based on optical 
polymer fiber.

This experiment shows multiple signals received via a single fiber of dif-
ferent wavelengths. This model was based on the principle of multiplexer and 
demultiplexer. The system uses just three wavelengths: blue (λ1 = 430 nm), green 
(λ2 = 570 nm), and red (λ3 = 665 nm) to transmit the transmission components 
as well as demultiplexer filters. The red, green and blue light source are mixed by 
multiplexer and separated by demultiplexer.
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Filters play a key role in giving Ecofriendly WDM-POF device a greater insertion 
loss, but because of the filter’s color band gap, the internet speed is always constant 
and the video image resolution is quite good, the performance of a range of output 
ports has not been badly damaged. Several parameters have been noted, such as 
optical output power and energy losses on the devices and not to mention the 
impact of filter placement and efficacy of the handmade 1 × N Ecofriendly WDM-
POF coupler.

For characterizing analysis the power level of the demultiplexer has been studied 
in red LEDs with a 665 nm wavelength inserted into various color filters. Analysis 
shows that filters of the same wavelength as the transmitter retain performance 
when other wavelength ranges are either filtered out or blocked This main concept 
is fully utilized for the designing of demultiplexer for short-haul applications. Final 
analysis indicates that filter efficiency can exceed 70%. Performance enhancement 
can be accomplished through practical means. Although the integration device 
exhibits very high transmitting attenuation, it has been tested for the sending 
of audio, DVD player and CCTV images data, using this method of handmade 
Ecofriendly WDM-POF coupler.

The results show that Ecofriendly WDM-POF coupler can be used as a cost-
effective wavelength multiplexer, as it can combine different wavelengths with 
main advantages that are low optical loss and inexpensive. An extensive experiment 
to enhance the homogeneity of this model was proposed. Nevertheless, fusion 
methodology with certain drawbacks has no uniformity in fabricating Ecofriendly 
WDM-POF coupler, as POF coupler with good performance could hardly be manu-
factured reliably. With experience and practice, this Ecofriendly WDM-POF system 
can be enhanced. The Ecofriendly WDM-POF system is very preferred because it 
is not as pricey as other consumer POF coupler. In addition, the production and 
deployment process is simple, quick and suitable for implementation for short 
distance communication.
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Chapter 4

Study on Designing and
Manufacturing a Radio-Frequency
Generator Used in Drying
Technology and Efficiency of
a Radio Frequency-Assisted Heat
Pump Dryer in Drying of
Ganoderma lucidum
Nguyen Hay, Le Anh Duc and Pham Van Kien

Abstract

A radio-frequency (RF) generator applied in drying technology was designed
and manufactured for drying Ganoderma lucidum. The drying experiments were
conducted by drying method of RF-assisted heat pump in order to inspect the
operating parameters of the RF generator and investigate the effects of the input
drying parameters on drying rate in the RF-assisted heat pump drying of
Ganoderma lucidum. The results have shown that the RF generator achieved the
required operating parameters as design such as RF power of 3 kW and operating
frequency of 27 MHz. In RF-assisted heat pump drying, increase in RF power and
drying air temperature increases the drying rate. Meanwhile, drying air velocity
does not significantly affect the drying rate. At RF power of 1.95 kW, the drying
time reduces by 9, 17, and 33% in comparison with RF power of 1.3, 0.65, and 0 kW
(heat pump drying). At drying air temperature of 50°C, the drying time reduces by
10% and 21% in comparison with drying air temperature of 40 and 45°C. Besides,
increasing RF power retains the higher content of polysaccharide in Ganoderma
lucidum, and the Ganoderma lucidum samples retain the color better after drying.

Keywords: Ganoderma lucidum, heat pump, radio frequency, drying temperature,
drying time

1. Introduction

Drying is a common and effective preservation technique that reduces moisture
content of material to lower levels required. Therefore, drying can minimize the
spoilage of various microbes in material and the physical, chemical, and biochemi-
cal changes within the drying products thereby increasing overall shelf life by
considerable periods of time. However, the drying process will affect the quality of
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the product such as nutritional standards, sensory standards, and physical and
chemical standards. Therefore, the drying method and drying parameters should be
considered to find a suitable drying method with optimum drying condition to
retain a high quality of drying products, especially in food technology, agricultural
products, and medicinal products.

Ganoderma lucidum is a medicinal product that contains various bioactive ingre-
dients. Polysaccharide is a main bioactive ingredient in Ganoderma lucidum which
has been found to be medically active in several therapeutic effects such as
antitumor, anti-inflammatory, antiviral, anticancer, and anti-HIV [1]. However,
polysaccharide and other bioactive ingredients in Ganoderma lucidum are heat sen-
sitive and the high drying temperature tends to cause higher loss of active ingredi-
ents in dehydrated Ganoderma lucidum. Therefore, in drying Ganoderma lucidum,
drying method as well as drying parameters should be considered carefully.

RF technology has shown some unique advantages in drying technology. RF
heating is a volumetric heating method, which provides fast and deeper heat gen-
eration within material that increases heating rate and shortens drying time signif-
icantly. RF heating mechanism is described in Figure 1. In which, the RF generator
creates an alternating electric field between two electrodes. The material is placed
between the electrodes. The wet molecules within material continuously reorient
themselves to face opposite poles of the alternating electric field. The friction
resulting from the rotational movement of the molecules and the space-charge
displacement causes the material to rapidly heat throughout its mass.

There were numerous studies of RF drying technology in which RF is combined
with other drying methods as convection drying using hot air and freeze-drying for
drying food and agricultural products [2–9]. The results show that heat generation
within the whole volume of drying material that supports the heat transfer and
moisture diffusion process to take place faster shortens the drying time and the
temperature, and moisture distribution within material becomes more uniform.
The drying products still retain their characteristic color and taste.

In heat pump drying with circulating drying air, drying air after being blown
through the heat pump has the specific temperature, velocity, and humidity. Drying
air will be blown into the drying chamber, and the drying process is performed
here. In heat pump drying, the drying air temperature is at low level. So, the drying
products can retain a high content of bioactive ingredients and their characteristic
color and taste.

The drying technology using RF and heat pump drying has been found to be
suitable for drying medicinal products. The objectives of this study are (1) to design

Figure 1.
RF heating mechanism.
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and manufacture a RF generator applied in drying technology for drying
Ganoderma lucidum, in which RF-assisted heat pump drying method is applied, and
(2) to investigate the effects of the input drying parameters as drying air tempera-
ture, drying air velocity and RF power on the drying rate, and the quality of
Ganoderma lucidum in RF-assisted heat pump drying process.

2. Researching object and method

2.1 Researching object

A RF generator applied in drying technology is designed and manufactured in
order to achieve a required maximum RF power of 3 kW and frequency of 27 MHz.

Ganoderma lucidum used for the experiments is red Ganoderma lucidum
(Ganoderma boninense). After being harvested, Ganoderma lucidum has a moisture
content of 3 (d.b) (i.e., 75% (w.b)), diameter of 12 cm, thickness of 1.5 cm, and
glossy red brown color. Ganoderma lucidum samples are cleaned with dry tissues.
The initial moisture content of the material is determined by a moisture analyzer
(see Table 1).

2.2 Researching methods

2.2.1 Designing and calculating method

• The required RF power is calculated based on physical and thermal properties
of Ganoderma lucidum and theory of designing and calculating drying system.

• The circuit diagram and the components of the RF generator are designed
and manufactured based on theory of RF heating mechanism, heat exchanger,
and oscillator circuit of RF generator.

2.2.2 Manufacture of RF generator method

The components of RF generator are manufactured in a single unit as designed
and installed to complete a RF operator. Some standard components are selected
and purchased in the market.

No Symbol Value

1 Gb 20 kg/batch

2 mLC 20 kg

3 ωi 75% (w.b)

4 ωf 13% (w.b)

5 Cp 3.613 kJ/(kg °C)

6 r 3150 kJ/kg

7 ti 30°C

8 tf 45°C

Table 1.
Physical thermal index of the drying material.
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and manufacture a RF generator applied in drying technology for drying
Ganoderma lucidum, in which RF-assisted heat pump drying method is applied, and
(2) to investigate the effects of the input drying parameters as drying air tempera-
ture, drying air velocity and RF power on the drying rate, and the quality of
Ganoderma lucidum in RF-assisted heat pump drying process.

2. Researching object and method

2.1 Researching object

A RF generator applied in drying technology is designed and manufactured in
order to achieve a required maximum RF power of 3 kW and frequency of 27 MHz.

Ganoderma lucidum used for the experiments is red Ganoderma lucidum
(Ganoderma boninense). After being harvested, Ganoderma lucidum has a moisture
content of 3 (d.b) (i.e., 75% (w.b)), diameter of 12 cm, thickness of 1.5 cm, and
glossy red brown color. Ganoderma lucidum samples are cleaned with dry tissues.
The initial moisture content of the material is determined by a moisture analyzer
(see Table 1).

2.2 Researching methods

2.2.1 Designing and calculating method

• The required RF power is calculated based on physical and thermal properties
of Ganoderma lucidum and theory of designing and calculating drying system.

• The circuit diagram and the components of the RF generator are designed
and manufactured based on theory of RF heating mechanism, heat exchanger,
and oscillator circuit of RF generator.

2.2.2 Manufacture of RF generator method

The components of RF generator are manufactured in a single unit as designed
and installed to complete a RF operator. Some standard components are selected
and purchased in the market.

No Symbol Value

1 Gb 20 kg/batch

2 mLC 20 kg

3 ωi 75% (w.b)

4 ωf 13% (w.b)

5 Cp 3.613 kJ/(kg °C)

6 r 3150 kJ/kg
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Table 1.
Physical thermal index of the drying material.
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2.2.3 Measurement method

The parameters can be measured by specialized measuring instruments directly
such as temperature, velocity of drying air, voltage, and electric current. The other
parameters are determined by the exchange formulas.

2.2.4 Method of experiment

Experiments for investigation of the effects of the input drying parameters on
drying rate in the RF-assisted heat pump drying of Ganoderma lucidum are
conducted at the drying air temperature of 40, 45, and 50°C; drying air velocity of
1.2, 1.6, and 2.0 m/s; and RF power of 0.65, 1.3, and 1.95 kW.

2.2.5 Method of determining moisture content

The Ganoderma lucidumweight measurements are taken regularly after intervals
of 20 minutes by an electronic scale digital balance (see Table 1). Each experiment
is conducted until the drying material achieves the moisture content of 0.15 (d.b)
(i.e., 13% (w.b)) and completed in triplicates.

The color of the drying products is measured by a colorimeter (see Table 1). The
colorimeter displays three reflected light intensities corresponding to the lab color
values. The total change in color of the drying Ganoderma lucidum sample with
reference to the original sample is calculated as

ΔE ∗ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L0 � L ∗ð Þ2 þ a0 � a ∗ð Þ2 þ b0 � b ∗ð Þ2

q
(1)

The parameters in Eq. (1) are described in detail in part of 3.4.2 c. (3.4.2 c. Color
of drying material).

Polysaccharide content of Ganoderma lucidum is determined by high-
performance liquid chromatography (HPLC) method.

Statistical parameters such as mean and standard deviation are used to solve the
experiment data. Examining the differences of the statistical data is conducted by
means of least significant difference (LSD).

3. Results and discussions

3.1 The RF power of RF generator

The heat required for drying process was calculated based on the theory of
calculating and designing drying system [10].

Physical and thermal property index of the drying material (Ganoderma
lucidum) is given in Table 2.

3.1.1 The heat required for heating the material

The heat required for heating the material in drying process is the heat of
heating the drying material until the material achieves the required temperature.
The required temperature of 45°C is chosen for calculation:
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q1 ¼ mLC:Cp: t f � ti
� � ¼ 20� 3:613� 45� 30ð Þ ¼ 1084 kJ (2)

The predictive time period required for Ganoderma lucidum to get the tempera-
ture of 45°C is 35 minutes. The heat required is calculated as

Q1 ¼
q1
τ1

¼ 1084
35� 60

¼ 0:516kW (3)

3.1.2 The heat required for vaporizing water in the material

In the drying process, an amount of heat must be supplied to vaporize the water
within drying material at specific drying temperature in order that the material
achieves the required final moisture. The heat required depends on the mass of
vaporized water in the material and latent heat of drying material.

The mass of vaporized water in the material (kg) is

GW ¼ mLC: ωi � ω f
� �
1� ω f

¼ 20: 0:75� 0:13ð Þ
1� 0:13

¼ 14:25 kg (4)

So,

q2 ¼ GW :r ¼ 14:25� 3150 ¼ 44896 kJ (5)

The initial moisture content of Ganoderma lucidum is 75%. The predictive time
period required for Ganoderma lucidum to get the final moisture content of 13% is
7 hours. The heat required is calculated as

Q2 ¼
q2
τ2

¼ 44896
7 � 3600

¼ 1:782 kW (6)

No Name Description

1 Colorimeter Type: Minolta CR-200

2 Frequency measurement instrument Type: Acoustimeter CAT #A139
Max frequency: 70 � 0.01 MHz

3 High-voltage voltmeter Type: Voltmeter-MDP-50 K
Voltage range resolution: 0.5–10 kVAC �5%

4 Amperemeter Type: Amperemeter-C.A401
Ampere range resolution: 0.1–10 A � 1%

5 Thermal sensor Type: AYN-MF59-104F-3950FB-1000
Measurement ranges: �60–300°C � 0.05°C

6 Moisture analyzer Type: DBS 60–3 model
Maximum capacity: 60 g � 0.01%
Temperature range: 50–200°C
Temperature increments: 1°C
Repeatability (sd) with 2 g sample: 0.15%
Moisture value predicted: 0–100%

7 Electronic scale digital balance Type: DS-2002-N
Max weighing capacity of 2000 � 0.001 grams

Table 2.
Parameter index of the measurements.
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q1 ¼ mLC:Cp: t f � ti
� � ¼ 20� 3:613� 45� 30ð Þ ¼ 1084 kJ (2)

The predictive time period required for Ganoderma lucidum to get the tempera-
ture of 45°C is 35 minutes. The heat required is calculated as

Q1 ¼
q1
τ1

¼ 1084
35� 60

¼ 0:516kW (3)

3.1.2 The heat required for vaporizing water in the material

In the drying process, an amount of heat must be supplied to vaporize the water
within drying material at specific drying temperature in order that the material
achieves the required final moisture. The heat required depends on the mass of
vaporized water in the material and latent heat of drying material.

The mass of vaporized water in the material (kg) is

GW ¼ mLC: ωi � ω f
� �
1� ω f

¼ 20: 0:75� 0:13ð Þ
1� 0:13

¼ 14:25 kg (4)

So,

q2 ¼ GW :r ¼ 14:25� 3150 ¼ 44896 kJ (5)

The initial moisture content of Ganoderma lucidum is 75%. The predictive time
period required for Ganoderma lucidum to get the final moisture content of 13% is
7 hours. The heat required is calculated as

Q2 ¼
q2
τ2

¼ 44896
7 � 3600

¼ 1:782 kW (6)

No Name Description

1 Colorimeter Type: Minolta CR-200

2 Frequency measurement instrument Type: Acoustimeter CAT #A139
Max frequency: 70 � 0.01 MHz

3 High-voltage voltmeter Type: Voltmeter-MDP-50 K
Voltage range resolution: 0.5–10 kVAC �5%

4 Amperemeter Type: Amperemeter-C.A401
Ampere range resolution: 0.1–10 A � 1%

5 Thermal sensor Type: AYN-MF59-104F-3950FB-1000
Measurement ranges: �60–300°C � 0.05°C

6 Moisture analyzer Type: DBS 60–3 model
Maximum capacity: 60 g � 0.01%
Temperature range: 50–200°C
Temperature increments: 1°C
Repeatability (sd) with 2 g sample: 0.15%
Moisture value predicted: 0–100%

7 Electronic scale digital balance Type: DS-2002-N
Max weighing capacity of 2000 � 0.001 grams

Table 2.
Parameter index of the measurements.
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3.1.3 The heat loss for heating the drying tray

In the drying process, the drying material is placed on a drying tray which is
normally a plastic mesh grid. So, there must be an amount of heat loss for heating
the drying tray until the drying tray gets the drying air temperature:

q3 ¼ mtray:CPVC: t f � ti
� � ¼ 25:05 kJ (7)

in which mtray is the mass of the tray, mtray = 1 kg, and CP_plastic is the specific
heat capacity of plastic, CP_plastic = 1.67 kJ/(kg °C).

The predictive time period required for the drying tray to get the temperature of
45°C is 45 minutes. The heat loss is calculated as

Q3 ¼
q3
τ3

¼ 25:05
45� 60

¼ 0:009 kW (8)

3.1.4 Heat loss through pipes

In the drying process, the drying air flows inside a pipe system, and the outside
wall of the pipe is in contact with environment. So, the heat loss through pipes
should be considered, and it depends on the pipe material, size, length of the pipe,
and drying temperature. The pipe is normally made of PVC plastic.

The length of pipe from the pump to the drying chamber is 1.5 m, so the surface
area of the pipe is

S0 ¼ π:d2:l ¼ 3:14� 0:2� 1:5 ¼ 0:942 m2 (9)

So, the heat loss through pipes is calculated as

Q4 ¼ So:q4 ¼ So:λPVC: tvf � tvi
� �

:
2:π
ln d

d1

¼ 0:374 kW (10)

in which tvi (30°C), t
v
f (45°C), d1 (0.193 m), d2 (0.2 m), and λPVC(λPVC = 0.15 W/

(m °C)) are temperature of the outside wall and inside wall, internal diameter,
external diameter of the pipe, and thermal conductivity of PVC plastic.

3.1.5 Heat loss for heating the drying chamber

The drying process is performed in a drying chamber that is also heated up to the
drying temperature. So, the heat loss for heating the drying chamber should be
considered, and it depends on the material and mass of the chamber and drying
temperature. In drying process of food and agricultural products, the drying cham-
ber is normally made of a galvanized steel for food hygiene:

q5 ¼ mch:Csteel: tchf � tchi
� �

¼ 30� 0:49� 45� 30ð Þ ¼ 220:5 kJ (11)

The predictive time period required for the drying chamber to get the tempera-
ture of 45°C is 25 minutes. The heat loss is calculated as

Q5 ¼
q5
τ5

¼ 220:5
25� 60

¼ 0:147 kW (12)
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in which mch (30 kg), tch1 (30°C), and tch2 (45°C) are mass of drying chamber,
initial temperature, and final temperature of the drying chamber and Cp_steel is
specific heat of galvanized steel, Cp_steel = 0.49 kJ/(kg °C).

3.1.6 The heat loss through the drying chamber wall

The inside wall of drying chamber is in contact with drying air, and the outside
wall is in contact with the environment. This causes the heat loss through the drying
chamber wall in the drying process, and it depends on the material and area of the
drying chamber. The area of the drying chamber (F) includes the area of the drying
chamber wall (Fw) and two tops (Ft).

The area of the drying chamber wall is

Fw ¼ 2: lch:hch þ wch:hchð Þ ¼ 2� 1:25� 0:75þ 1:15� 0:75ð Þ ¼ 3:6 m2 (13)

After expanding the top of the drying chamber on computer by AutoCAD
software, the surrounding area of a top isFt ¼ 1:62 m2.

So, the area of the drying chamber is

F ¼ Fw þ 2:Ft ¼ 6, 847 m2 (14)

The heat loss is calculated as

Q6 ¼ q5:F ¼ k tchinside � tchoutside
� �

:F ¼ 0:212 kW (15)

in which k is thermal conductivity of galvanized steel and k is 2.06 W/(m.oC).
lch, wch, and hch are the length, the width, and the height of the drying chamber.

3.1.7 Radiation heat loss

The radiation heat loss is calculated as

Q7 ¼ ε:F:Co:
T f

100

� �4

� Ti

100

� �4
" #

¼ 0:593 kW (16)

in which ε is the radiation ratio of galvanized steel, ε = 0.85, and C0 is the
radiation ratio of absolute black object, C0 ¼ 5:67W= m2:K4� �

.
Thus, the total heat required for drying process is

Qtotal ¼ Q1 þ Q2 þ Q3 þQ4 þ Q5 þQ6 þ Q7 ¼ 3:632 kW (17)

In current study, the RF operator will be designed, manufactured, and applied in
RF-assisted heat pump drying. So, in the drying process, RF heating has the main
function of heating the material, vaporizing water within the material, and heating
the drying tray. The other heat losses are supplied by heat pump. Thus, the heat
required for RF generator is.

QRF ¼ Q1 þ Q2 þ Q3 ¼ 2:307 kW (18)

Therefore, the RF power of RF generator is chosen P = 3 kW.
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considered, and it depends on the material and mass of the chamber and drying
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ber is normally made of a galvanized steel for food hygiene:
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in which mch (30 kg), tch1 (30°C), and tch2 (45°C) are mass of drying chamber,
initial temperature, and final temperature of the drying chamber and Cp_steel is
specific heat of galvanized steel, Cp_steel = 0.49 kJ/(kg °C).

3.1.6 The heat loss through the drying chamber wall

The inside wall of drying chamber is in contact with drying air, and the outside
wall is in contact with the environment. This causes the heat loss through the drying
chamber wall in the drying process, and it depends on the material and area of the
drying chamber. The area of the drying chamber (F) includes the area of the drying
chamber wall (Fw) and two tops (Ft).

The area of the drying chamber wall is

Fw ¼ 2: lch:hch þ wch:hchð Þ ¼ 2� 1:25� 0:75þ 1:15� 0:75ð Þ ¼ 3:6 m2 (13)

After expanding the top of the drying chamber on computer by AutoCAD
software, the surrounding area of a top isFt ¼ 1:62 m2.

So, the area of the drying chamber is

F ¼ Fw þ 2:Ft ¼ 6, 847 m2 (14)

The heat loss is calculated as

Q6 ¼ q5:F ¼ k tchinside � tchoutside
� �

:F ¼ 0:212 kW (15)

in which k is thermal conductivity of galvanized steel and k is 2.06 W/(m.oC).
lch, wch, and hch are the length, the width, and the height of the drying chamber.

3.1.7 Radiation heat loss

The radiation heat loss is calculated as
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� Ti

100

� �4
" #

¼ 0:593 kW (16)

in which ε is the radiation ratio of galvanized steel, ε = 0.85, and C0 is the
radiation ratio of absolute black object, C0 ¼ 5:67W= m2:K4� �

.
Thus, the total heat required for drying process is

Qtotal ¼ Q1 þ Q2 þ Q3 þQ4 þ Q5 þQ6 þ Q7 ¼ 3:632 kW (17)

In current study, the RF operator will be designed, manufactured, and applied in
RF-assisted heat pump drying. So, in the drying process, RF heating has the main
function of heating the material, vaporizing water within the material, and heating
the drying tray. The other heat losses are supplied by heat pump. Thus, the heat
required for RF generator is.

QRF ¼ Q1 þ Q2 þ Q3 ¼ 2:307 kW (18)

Therefore, the RF power of RF generator is chosen P = 3 kW.
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3.2 Circuit diagram of RF generator

The circuit diagram of RF generator was designed based on the theory of RF
heating mechanism, heat exchanger, and oscillator circuit of RF generator [11]. The
circuit diagram of RF generator is described in Figure 2.

3.2.1 Power supply unit

The power supply unit consists of a transformer, a wire supply voltage trans-
former, and a rectifier.

The transformer has the function of changing three-phase voltage 380 VAC into
6.5 kVAC. This high voltage is converted into DC voltage of 6.5 kVDC by the
rectifier and supplied to the oscillation circuit. Besides, the wire supply voltage
transformer will change the voltage from 380 VAC to 12.6 VAC to supply the triode
tube filament.

3.2.2 Oscillation circuit

The oscillation circuit consists of a high-frequency triode tube and LC oscillation
circuits. A high voltage of 6.5 kVDC is applied to the anode of the triode tube after
passing through an induction circuit including L1, L2, and C1 that acts as a filter
circuit to remove the alternating current components of the supply power.

A high voltage of 12.6 VAC is applied to the filament and grid pin of the triode
tube. A 12.6 VAC power is applied to the grid pin of the triode tube through an
induction circuit that consists of L5, L6, and C4. The induction circuit controls the
voltage of the grid pin to generate the output frequency at 27 MHz.

3.2.3 RF emitting circuit

The RF emitting circuit is a circuit consisting of L3 and C3 in parallel. The RF
high-frequency energy at the output of the high-frequency triode tube passes

Figure 2.
The circuit diagram of RF generator.
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through the RF emitting circuit, and it is supplied to the electrode plates of the
drying applicator.

3.2.4 Drying applicator

The drying applicator is composed of two parallel electrode plates which
are called RF electrodes. The drying material is placed between the
electrodes during drying process. The material is heated based on dielectric
heating principle.

3.3 Fabricating the components of the RF generator

3.3.1 High-frequency triode tube

The high-frequency triode tube is selected in the market according to the
required RF power, and it has the specific specifications as follows:

• Type: Toshiba 7T69RB.

• Voltage applied to filament: 12.6 VAC.

• Frequency: 27 MHz.

• Voltage applied to anode: 6.5 kVDC.

• Output power (maximum): 5 kW.

The output power of 5 kW will be converted to RF electrode plates in drying
applicator at 60% efficiency (Figure 3).

3.3.2 Power supply unit

The transformers and the rectifier were manufactured at the workshop with the
engineering specifications required. The transformer and rectifier are shown in
Figures 4 and 5.

Figure 3.
High-frequency triode tube.
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through the RF emitting circuit, and it is supplied to the electrode plates of the
drying applicator.

3.2.4 Drying applicator

The drying applicator is composed of two parallel electrode plates which
are called RF electrodes. The drying material is placed between the
electrodes during drying process. The material is heated based on dielectric
heating principle.

3.3 Fabricating the components of the RF generator

3.3.1 High-frequency triode tube

The high-frequency triode tube is selected in the market according to the
required RF power, and it has the specific specifications as follows:

• Type: Toshiba 7T69RB.

• Voltage applied to filament: 12.6 VAC.

• Frequency: 27 MHz.

• Voltage applied to anode: 6.5 kVDC.

• Output power (maximum): 5 kW.

The output power of 5 kW will be converted to RF electrode plates in drying
applicator at 60% efficiency (Figure 3).

3.3.2 Power supply unit

The transformers and the rectifier were manufactured at the workshop with the
engineering specifications required. The transformer and rectifier are shown in
Figures 4 and 5.
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High-frequency triode tube.
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3.3.3 Oscillation circuit

The oscillation circuit consists of numbers of capacitors and the inductor coils.
The function of the oscillation circuit is amplifying the power and required gener-
ating frequency. The capacitors and the inductor coils are the industrial components
that can work at the high voltage and high frequency (Figure 6).

The oscillation circuit consists of two induction circuits:

1.The L1, L2, and C1 induction circuit works as a filter circuit to remove the
alternating current components.

2.The L4, L5, and C4 induction circuit regulates the voltage at the grid pin of the
high-frequency triode tube to generate the output RF.

These capacitors and the inductor coils are selected and manufactured according
to the standard in Strayfield’s handbook for manufacturing RF generator [11], in
which the capacitors C1 and C4 are selected in the market, while the inductors L1,
L2, L4, and L5 are manufactured at the workshop. Their values are as follows:

C1 ¼ C2 ¼ 1500 pF; C4 ¼ C5 ¼ C6 ¼ 500 pF; L1 ¼ L2 ¼ L4 ¼ L5 ¼ 1:5� 10�6H:

Figure 4.
Transformer.

Figure 5.
Rectifier.
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3.3.4 RF emitting circuit

The structure of RF emitting circuit is composed of L3 and C3 in parallel that
forms an induction circuit. The RF emitting circuit has the function of generating
operating frequency of 27 MHz that is the technical requirements. L3 and C3 are
manufactured in the workshop according to the technical requirements with the
specifications below.

The structure of the capacitor C3 consists of two parallel electrode plates. The
capacitance value of capacitor C3 depends on the area of the parallel electrode plates
and distance between them.

The electrode plates have an area of AC3 ¼ 0:45� 0:45 ¼ 0:203 m2, and the
distance of two electrode plates is dC3 ¼ 0:1 m.

The capacitance value of capacitor C3 is calculated as

C3 ¼ ε0:AC3

4π:k:dC3
¼ 1:8� 10�11 F (19)

in which ε0(ε0 ≈ 1) is dielectric constant of air between two plates and k
(k ¼ 9� 109N:m2=C2) is electrostatic constant.

The function of the L3 and C3 induction circuit is generating operating frequency
of 27 MHz. So, the inductance value of L3 is calculated with the parameter
f = 27 MHz as follows:

L3 ¼ 1

2π: fð Þ2:C3
¼ 1:9x10�6 H (20)

The inductor L3 is manufactured in workshop with its specific specification as
follows:

• Inductance value: L3 ¼ 1:9x10�6 H.

• Material: a copper wire.

Figure 6.
Inductor coil and capacitor.
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3.3.4 RF emitting circuit
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• Diameter of wire: 2.5 mm.

• Diameter of wire coil: 40 mm.

3.3.5 Drying applicator

The drying applicator consists of two electrode plates which are called RF elec-
trodes. The RF electrodes are fabricated at the workshop. The material used for
fabrication of RF electrodes must be a good electric conductive material, and alu-
minum is chosen. The electrodes have a rectangular surface and dimension of
1200 mm � 1100 mm. They are fixed in drying chamber and connect to the RF
emitting circuit through thin copper connectors. The distance between two elec-
trodes is fixed by Teflon plastic bars. The RF electrodes are shown in Figure 7.

3.4 Drying experiment results

The RF-assisted heat pump dryer used in drying experiment is shown in
Figures 8 and 9. In the drying process, the drying air is circulated over the evapo-
rator of heat pump. The evaporator cools the drying air further down below the
condensation temperature. Below this temperature, the drying air will be
dehumidified. Then, the drying air is heated to the desired temperature inside the
condenser and blown inside the drying chamber for drying process. In the drying
chamber, the drying air will combine with the RF generated by the RF generator to
conduct drying process of Ganoderma lucidum.

In drying experiment, the mass of Ganoderma lucidum selected is 4 kg. Thus, the
RF power is adjusted to achieve the value of 0.65, 1.3, and 1.95 kW.

3.4.1 Result of operating parameters of RF generator

The RF generator is operated with the maximum RF power of 3 kW to inspect
the operating parameters. The operating frequency of RF generator (f) is measured
by a frequency measurement instrument, the operating voltage (U) is measured by
a high-voltage voltmeter, and the operating current (I) is measured by an
amperemeter. The temperature of the material in drying process is measured by a
thermal sensor that is connected to a computer through an integrated circuit. The
temperature is recorded each 2 minutes.

Figure 7.
Electrode plates.
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The measurement of the operating parameters of RF operator has got the results
as follows:

• f = 27 MHz, U = 6.5 kV, I = 0.46 A. So, the power P = U.I = 2.99 kW.

• The material is heated and achieves the required temperature of 45°C in
28 minutes.

Figure 8.
RF-assisted heat pump dryer model. (1) compressor, (2) sub-condenser, (3) valve, (4) condenser,
(5) evaporator, (6) heat pump controller, (7) air fan, (8) drying tray, (9) drying chamber, (10) RF
electrodes, (11) RF operating controller, (12) operating current intensity controller, (13) unit of supplying the
operating voltage.

Figure 9.
RF-assisted heat pump dryer.
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(5) evaporator, (6) heat pump controller, (7) air fan, (8) drying tray, (9) drying chamber, (10) RF
electrodes, (11) RF operating controller, (12) operating current intensity controller, (13) unit of supplying the
operating voltage.

Figure 9.
RF-assisted heat pump dryer.
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The results show that the operation parameters achieve the designing
requirement.

The engineering parameters of measurement instruments are described in the
Table 1.

3.4.2 Evaluation of the effect of RF power

3.4.2.1 Drying time

The drying curves of RF-assisted heat pump drying process at the drying air
temperature of 45°C, drying air velocity of 1.2 m/s, and RF power of 0.65, 1.3, and
1.95 kW is presented graphically in Figure 10.

As shown in Figure 10, increasing RF power has a significant effect on moisture
ratio; the moisture ratio is higher at higher RF power. At RF power of 1.95 kW, the
drying time reduces by 9, 17, and 33% in comparison with RF power of 1.3, 0.65,
and 0 kW (heat pump drying). It can be explained by RF heating mechanism, in
which, increasing the RF power will increase energy absorption inside Ganoderma
lucidum, which makes water dipole molecules and free ions in Ganoderma lucidum

Figure 10.
Drying curves of RF-assisted heat pump drying process at different RF powers.

No Input drying parameter Polysaccharide content (mg/g)

ta (°C) va (m/s) PRF (kW)

1 45 1.2 0 7.82

2 45 1.2 0.65 9.18

3 45 1.2 1.3 9.31

4 45 1.2 1.95 9.47

Table 3.
Polysaccharide content of Ganoderma lucidum after drying.
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fluctuate faster. Thus, heat generation within Ganoderma lucidum becomes faster,
and the moisture diffusion within Ganoderma lucidum occurs faster [12, 13].

3.4.2.2 Polysaccharide content

The polysaccharide content ofGanoderma lucidum after drying is given inTable 3.
The data in Table 3 shows that RF power has a significant effect on polysaccha-

ride content of Ganoderma lucidum after drying. The polysaccharide content of
Ganoderma lucidum after RF-assisted heat pump drying is considerably higher than
heat pump drying. Increase in RF power retains the higher content of polysaccha-
ride in Ganoderma lucidum. Generally, the reason for the degradation of polysac-
charide content during drying of Ganoderma lucidum is due to hydrolysis, in which
the polysaccharide is hydrolyzed as water is bound to the molecule [14]. RF-assisted
heat pump drying process with RF heating mechanism shortens the heat treatment
time, and an increase in RF power makes the linkage between water dipole mole-
cules to be broken more easily. That can reduce the hydrolysis degree of polysac-
charides.

3.4.2.3 Color of drying material

Evaluation of the color change of Ganoderma lucidum before and after drying is
conducted with X-Rite colorimeter following CIELAB scale. Fresh Ganoderma
lucidum has the CIELAB original color value as L0, a0, and b0. Ganoderma lucidum
after drying has the CIELAB color value as L*, a*, and b*. The color change index
of Ganoderma lucidum corresponding to input drying parameters is shown in
Table 4, in which the International Commission on Illumination (CIE)
parameters as L, a, and b are measured with a colorimeter (see Table 1). The
corresponding L value is lightness of color from 0 (black) to 100 (white); a value is
degree of redness (0 to 60) or greenness (0 to �60); and b value is yellowness (0 to
60) or blueness (0 to �60). The total change in color (ΔE ∗ Þ of the drying
Ganoderma lucidum sample with reference to the original sample is calculated as
Eq. (1).

The data in Table 4 shows that the color change index as ΔL, Δa, and Δb
corresponding to RF-assisted heat pump drying is considerably smaller than

Color index

Type of sample CIELAB color value Color change index

L0 a0 b0

Fresh samples 47.12 4.11 18.85

L* a* b* ΔL Δa Δb ΔE*

Heat pump drying (PRF = 0 kW) 36.5a 6.94a 12.52a 10.62 2.83 6.33 12.68a

RF-assisted heat pump drying
(PRF = 0.65 kW)

38.71b 5.75b 13.76b 8.41 1.64 5.09 9.97b

RF-assisted heat pump drying
(PRF = 1.3 kW)

39.02c 5.42c 14.1c 8.1 1.31 4.75 9.48c

RF-assisted heat pump drying
(PRF = 1.95 kW)

39.35d 5.12d 14.46d 7.77 1.01 4.39 8.98d

Mean values in the same column with different letter symbols. Significant difference at significance level of 0.05.

Table 4.
The CIELAB color values of Ganoderma lucidum.
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heat pump drying and increase in RF power decreases the color change index
values. Thus, the Ganoderma lucidum samples have retained the color better at
higher RF power and at RF power of 1.95 kW, and the color of Ganoderma
lucidum samples is nearly similar to the original brown red of fresh material
samples.

3.4.3 Evaluation of the effect of drying air temperature

The drying curves of RF-assisted heat pump drying process at the drying air
temperature of 40, 45, and 50°C, drying air velocity of 1.2 m/s, and RF power of
1.3 kW is presented graphically in Figure 11.

As shown in Figure 11, increasing drying air temperature has a significant effect
on moisture ratio; the moisture ratio is higher at higher drying air temperature. At
drying air temperature of 50°C, the drying time reduces by 10% and 21% in com-
parison with drying air temperature of 40 and 45°C. It can be explained by the fact
that the increase in drying air temperature will increase the amount of heat
absorbed by material. Thus, the heating rate increases, and the moisture diffusion
within Ganoderma lucidum occurs faster.

3.4.4 Evaluation of the effect of drying air velocity

The drying curves of RF-assisted heat pump drying process at the drying air
temperature of 45°C; drying air velocity of 1.2, 1.6, and 2 m/s; and RF power of
1.3 kW is presented graphically in Figure 12.

As shown in Figure 12, increasing drying air velocity makes drying time become
longer. This is explained by the fact that the increase in drying air velocity will
increase the drying airflow in contact with the drying material surfaces. The

Figure 11.
Drying curves of RF-assisted heat pump drying process at different drying air temperatures.
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temperature of drying material is maintained at a higher level than drying air
temperature during drying process by RF heating mechanism. So, when drying air
comes into contact with drying material surfaces, the temperature of material
surfaces will decrease that causes the average temperature of material to decrease
and drying time to become longer. However, drying air velocity does not signifi-
cantly affect the drying rate. The drying time corresponding to three drying air
velocity values differs only about 10–15 minutes, and the drying curves shown in
Figure 12 are almost identical. The experimental results are in agreement with the
previous studies of agricultural product drying [15–18].

4. Conclusions

Based on the calculation and design results, the RF generator has been success-
fully manufactured and applied in drying technology. The RF generator worked
efficiently and achieved the required RF power of 3 kW and frequency of 27 MHz as
designed. The drying experiment results showed that in RF-assisted heat pump
drying, increase in RF power and drying air temperature increases the drying rate
considerably. Meanwhile, drying air velocity does not significantly affect the drying
rate. Besides, when RF power increases, the Ganoderma lucidum samples retain the
higher content of polysaccharide and the original color better after drying.

Nomenclature

AC alternating current
C capacitor
Cp specific heat of drying material, J/(kg °C)
d.b dry basic (kg H2O/kg dry solid)
DC direct current
f frequency, MHz
Gb drying capacity, kg/batch
h the height, m

Figure 12.
Drying curves of RF-assisted heat pump drying process at different drying air velocities.
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HP heat pump
HPLC high-performance liquid chromatography
I ampere, A
l the length, m
L inductor coil
LSD least significant difference
mLC mass of Ganoderma lucidum, kg
M moisture of drying material, d.b
PRF RF power, kW
Q the heat, kW
r latent heat of vaporization of moisture in material, J/kg
RF radio frequency
t temperature of drying material, °C
T absolute temperature of drying material, °K
U voltage, kV
w the width, m
w.b wet basic (kg H2O/kg wet solid)

Greek symbols
λ thermal conductivity, W/m °C
ω moisture of drying material, w.b
ε radiation ratio of galvanized steel
τ the time, s

Subscripts
i initial
f final
W water
ch chamber
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Chapter 5

Auxiliary Strategies for Water 
Management in Industries: 
Minimization of Water Use and 
Possibility of Recycling and/or 
Reuse of Effluent
Fábio Henrique de Melo Ribeiro, Yeda dos Santos Silva  
and Liliana Pena Naval

Abstract

Water management in industry by minimizing water consumption and effluent 
generation, reusing and/or recycling as a possibility the economy and conservation 
of water, energy and economic resources. The characterization of the final effluent 
allows evaluating how much the treatment is adequate to meet the requirements 
of the regulations of different countries for recycling and/or reuse and evaluated 
the possibility of reuse, as well as the choice of effluent treatment methods. In this 
case, technical, environmental and economic criteria, with a view to complying 
with industrial reuse regulations, should be evaluated, and a multicriteria analysis 
(MCA) can be adopted to classify the treatment systems applied in different reuse 
scenarios, made possible by the combination of multiple processes, with the use of 
tertiary treatment techniques. It should be noted that the potential for recycling 
and/or reuse of effluents generated in industry increases when effluents are sepa-
rated into groups (principle of segregation of effluent streams). As a way of pro-
moting a more sustainable model, the use of reuse systems is promising to reduce 
consumption, as well as reducing operating costs when treating effluents.

Keywords: industrial reuse, multicriteria analysis, segregation of effluents,  
use of effluents, water management

1. Introduction

Environmental pollution and the preservation of natural resources are subjects 
of constant presence in the world political and socioeconomic guidelines, especially 
the discussions related to water pollution. These debates are fueled by issues such as 
water scarcity [1–3], climate change pressures, disordered urban development and 
increased domestic waste production and industrial [4, 5].

To minimize some of these impacts, especially water scarcity, the implementation 
of effluent reuse programs provides direct and indirect benefits, such as the integra-
tion and sustainable use of water resources; reduction of excessive abstraction of 



79

Chapter 5

Auxiliary Strategies for Water 
Management in Industries: 
Minimization of Water Use and 
Possibility of Recycling and/or 
Reuse of Effluent
Fábio Henrique de Melo Ribeiro, Yeda dos Santos Silva  
and Liliana Pena Naval

Abstract

Water management in industry by minimizing water consumption and effluent 
generation, reusing and/or recycling as a possibility the economy and conservation 
of water, energy and economic resources. The characterization of the final effluent 
allows evaluating how much the treatment is adequate to meet the requirements 
of the regulations of different countries for recycling and/or reuse and evaluated 
the possibility of reuse, as well as the choice of effluent treatment methods. In this 
case, technical, environmental and economic criteria, with a view to complying 
with industrial reuse regulations, should be evaluated, and a multicriteria analysis 
(MCA) can be adopted to classify the treatment systems applied in different reuse 
scenarios, made possible by the combination of multiple processes, with the use of 
tertiary treatment techniques. It should be noted that the potential for recycling 
and/or reuse of effluents generated in industry increases when effluents are sepa-
rated into groups (principle of segregation of effluent streams). As a way of pro-
moting a more sustainable model, the use of reuse systems is promising to reduce 
consumption, as well as reducing operating costs when treating effluents.

Keywords: industrial reuse, multicriteria analysis, segregation of effluents,  
use of effluents, water management

1. Introduction

Environmental pollution and the preservation of natural resources are subjects 
of constant presence in the world political and socioeconomic guidelines, especially 
the discussions related to water pollution. These debates are fueled by issues such as 
water scarcity [1–3], climate change pressures, disordered urban development and 
increased domestic waste production and industrial [4, 5].

To minimize some of these impacts, especially water scarcity, the implementation 
of effluent reuse programs provides direct and indirect benefits, such as the integra-
tion and sustainable use of water resources; reduction of excessive abstraction of 
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surface and groundwater; reduction of energy consumption and environmental 
protection, reinforced by the restoration of rivers, marshes and lagoons [5].  
With advances in effluent treatment technologies [6] and the possibility of [7, 8], 
water reuse presents itself as a potential source for different sectors of society, 
especially for the industrial sector.

The industry has also sought to improve processes in terms of sustainability, 
such as measures to reduce waste and effluent production, to meet international 
and national market requirements, and to adapt to the new scarcity scenario water 
resources. A number of countries practice industrial water reuse [9] the United 
States, Japan, and Australia have projects with a high percentage of effluent reuse 
from commercial and residential water and sanitation facilities [5, 10].

The establishment of targets for reuse, expressed in terms of the percentage of 
municipal effluents, which are treated to obtain a high quality, for an advantageous 
reuse have been adopted by different countries. Australia, which reused about 
8% of the treated effluent in 2012, set the goal of increasing this quantity to 30% 
by 2030. In the case of Saudi Arabia, about 16% of the effluent was reused in of 
expansion to 65% by the end of 2016. Singapore, reuse 30% of the effluent and has a 
plan to reduce its dependence on external sources. Israel has achieved 70% reuse of 
domestic effluents [8].

In the case of the fish processing industry, where water is used in abundance 
in the various stages of production (an average of 11 m3 ton of processed fish and 
15 m3 tons in the case of shrimp processing). The adoption of measures to reduce 
waste and effluent production are needed [11–14]. Under these circumstances, the 
use of reuse and recycling systems is promising to achieve these objectives and is 
important for achieving sustainable management [8]. In this industry, the large 
amount used leads to an increase in the volume of effluents generated, which, if not 
treated properly, lead to different impacts [7, 11–13, 15].

Evaluating alternatives for treatment of effluents capable of meeting technical, 
environmental and economic criteria implies the feasibility of reducing effluents 
and improving quality. The adoption of technologies and procedures that reduce 
the amount of water used. As well as the increase in reuse can characterize the 
implantation of cleaner production technologies in the industries, which not only 
confers the reduction of the direct and indirect costs of the process through the 
management of the consumption of water, energy and raw material used, as well as 
the efficiency of the enterprise.

2.  Quality and requirements established for the practice of industrial 
reuse

As for the water consumption in the fish processing industries, it is known 
that the greater use is concentrated in the washing and cleaning steps. However, 
volumes used for the storage and refrigeration of fishery products should be 
considered for reuse [16], both before and during processing, as an important 
lubricant in the various stages of fish handling [16, 17]. As well as in waste man-
agement, which consists of scales, meat, bones, cartilage and viscera [11] and of 
the effluents characterized by high organic load and salts, which result in higher 
volumes of total suspended solids, biochemical oxygen demand (BOD) and chemi-
cal oxygen demand (COD) [11, 16, 18, 19] reducing the quality of these effluents. 
They are still rich in nitrogen and phosphorus, which when discharged can lead to 
eutrophication [12].

Other factors to be considered in production that will influence the effluent 
characteristics are the types of fish to be processed, the water supply system used 
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and the volume of effluent generated [16, 18, 20]. The occurrence of these variables 
in the operational conditions makes it difficult to plan a single treatment unit 
capable of meeting the necessary requirements for all types of effluents produced in 
this type of industry.

Concentration limits Application Country

Fecal coliform <200 NPM/100 mL
pH between 6 and 8
Turbidity <5 NTU
Free residual chlorine between 0.5 and 
1.5 mg/L

Class 1 water: used for car washing, direct 
contact of users with water, aerosol aspiration

Brazil

Fecal coliform <500 NPM/100 mL
Turbidity <5 NTU
Free residual chlorine >0.5 mg/L

Class 2 water: used for washing floors and 
pavements, watering gardens, maintaining 
lakes and canals for landscape purposes, 
except fountains

Fecal coliform <500 NPM/100 mL Class 3 water: used for flushing toilets

Fecal coliform <500 NPM/100 mL
Turbidity <10 NTU
Dissolved oxygen >2 mg/L

Class 4 water: reuse in orchards, cereal, 
fodder, cattle pastures and other crops 
through surface drainage or specific irrigation 
systems.

TSS: 35 mg/L
Turbidity: 15 NTU
Escherichia coli: 104 UFC/100 mL
Legionella spp.:100 UFC/L

Cleaning process, but not for the food 
industry

Spain

TSS: 35 mg/L
Escherichia coli: 103 UFC/100 mL
Nematode eggs: 1 eggs/10 mL
Legionella spp.: 100 UFC/L

Processing and washing water in the food 
industry

TSS: 5 mg/L
Turbidity: 1 NTU
Escherichia coli: 0 UFC/100 mL
Nematode eggs: 1 eggs/10 mL

Cooling towers and evaporative condensers

BOD ≤30 mg/L
Thermotolerant coliforms ≤200/100 mL
pH between 6 and 9
TSS ≤30 mg/L
Minimum residual chlorine 1 mg/L

Cooling without recirculation USA

BOD ≤30 mg/L
Thermotolerant coliforms ≤200/100 mL
pH between 6 and 9
TSS ≤30 mg/L
Minimum residual chlorine 1 mg/L

Cooling towers (variables depend on the rate 
of recirculation)

Escherichia coli ≤200 UFC/100 mL 
(average)

Cooling water Greece

pH between 6 and 8.5
BOD: ≤10 mg/L (in 80% of samples)
TSS: ≤10 mg/L (in 80% of samples)
Turbidity ≤2 NTU
Escherichia coli: ≤5 UFC/100 mL (80% of 
samples), ≤50 (in 95% of samples)

Use of single reticulated cooling water, cooling 
water for boilers, process water.

TSS, total suspended solids; BOD, biochemical oxygen demand; NTU, turbidity unit; UFC, colony formation unit.
Brazilian NBR Technical Standards 13969: 1997 [24], European Standards: Spain, Royal Decree 1620, [25] and 
Greece, Ministerial Decree [26], American Guidelines [8].

Table 1. 
Reuse and recycling quality requirements established by standards and regulations for industrial reuse.
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the amount of water used. As well as the increase in reuse can characterize the 
implantation of cleaner production technologies in the industries, which not only 
confers the reduction of the direct and indirect costs of the process through the 
management of the consumption of water, energy and raw material used, as well as 
the efficiency of the enterprise.

2.  Quality and requirements established for the practice of industrial 
reuse

As for the water consumption in the fish processing industries, it is known 
that the greater use is concentrated in the washing and cleaning steps. However, 
volumes used for the storage and refrigeration of fishery products should be 
considered for reuse [16], both before and during processing, as an important 
lubricant in the various stages of fish handling [16, 17]. As well as in waste man-
agement, which consists of scales, meat, bones, cartilage and viscera [11] and of 
the effluents characterized by high organic load and salts, which result in higher 
volumes of total suspended solids, biochemical oxygen demand (BOD) and chemi-
cal oxygen demand (COD) [11, 16, 18, 19] reducing the quality of these effluents. 
They are still rich in nitrogen and phosphorus, which when discharged can lead to 
eutrophication [12].

Other factors to be considered in production that will influence the effluent 
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and the volume of effluent generated [16, 18, 20]. The occurrence of these variables 
in the operational conditions makes it difficult to plan a single treatment unit 
capable of meeting the necessary requirements for all types of effluents produced in 
this type of industry.
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Free residual chlorine between 0.5 and 
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Class 1 water: used for car washing, direct 
contact of users with water, aerosol aspiration
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Class 2 water: used for washing floors and 
pavements, watering gardens, maintaining 
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Turbidity <10 NTU
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fodder, cattle pastures and other crops 
through surface drainage or specific irrigation 
systems.

TSS: 35 mg/L
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Escherichia coli: 104 UFC/100 mL
Legionella spp.:100 UFC/L

Cleaning process, but not for the food 
industry

Spain

TSS: 35 mg/L
Escherichia coli: 103 UFC/100 mL
Nematode eggs: 1 eggs/10 mL
Legionella spp.: 100 UFC/L

Processing and washing water in the food 
industry

TSS: 5 mg/L
Turbidity: 1 NTU
Escherichia coli: 0 UFC/100 mL
Nematode eggs: 1 eggs/10 mL

Cooling towers and evaporative condensers

BOD ≤30 mg/L
Thermotolerant coliforms ≤200/100 mL
pH between 6 and 9
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Cooling without recirculation USA
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Cooling towers (variables depend on the rate 
of recirculation)

Escherichia coli ≤200 UFC/100 mL 
(average)
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Turbidity ≤2 NTU
Escherichia coli: ≤5 UFC/100 mL (80% of 
samples), ≤50 (in 95% of samples)

Use of single reticulated cooling water, cooling 
water for boilers, process water.

TSS, total suspended solids; BOD, biochemical oxygen demand; NTU, turbidity unit; UFC, colony formation unit.
Brazilian NBR Technical Standards 13969: 1997 [24], European Standards: Spain, Royal Decree 1620, [25] and 
Greece, Ministerial Decree [26], American Guidelines [8].

Table 1. 
Reuse and recycling quality requirements established by standards and regulations for industrial reuse.
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When it is intended to employ water reuse systems in meat product industries, 
account should be taken of the limitation imposed by the regulations. Reuse in these 
industries is generally restricted to direct or indirect reuse for operations where 
water does not come into contact with the product being processed or, in some 
situations, with whom it is handled. There are also other barriers to the large-scale 
operationalization of these systems, such as insufficient policies to support the reuse 
of reclaimed water; lack of public awareness and acceptance; failures in risk man-
agement systems, among others [6, 8]. However, each industrial plant is unique, 
with size and quality of different effluents, therefore, generalizations about the use 
and effluent characteristics are difficult to measure, making treatment complex.

Another barrier is the environmental regulations, which focus on the discharge 
of effluents into the water bodies, not being considered, in most of these docu-
ments, the necessary criteria for reuse and recycling [21]. However, there are efforts 
by several countries. In Europe, the countries with more specific reuse regulations 
are Greece, Spain and Portugal, and have applied in different reuse modalities. 
Italian regulations also describe urban, agricultural and industrial uses, but 
industrial use is permitted if there is no direct contact with food [5]. In the United 
States, regulations are developed according to the criteria of each state. In the case 
of Australia, government agencies initiated a reform in water management in 1994, 
when measures were adopted to use alternative water sources and the development 
of guidelines for obtaining recycled drinking water [22, 23]. In number of reuse 
projects, Japan leads, with approximately 1800; followed by Australia with more 
than 450; then Europe, with about 200; the Middle East, with more than 100; Latin 
America, over 50, and Sub-Saharan Africa, with just over 20 [5].

Despite the legal limitations of reuse, countries have been regulating the 
practice (Table 1). In these places, reuse water is mainly applied to urban uses and 
agricultural irrigation. Although effluent reuse is a widespread and widely applied 
practice, it is necessary to remember that the accomplishment of treatment to suit 
the requirements of the next use or to the related regulations is indispensable.

3. Analysis of potential effluent reuse and recycling

The industrial sector has adopted water reuse programs (Table 2), as a tool for 
the economy, for sustainability, and for the preservation of water resources. In order 
to comply with the regulations for industrial reuse and potability, joint systems of 
treatments are required. However, conventional effluent treatment is not suitable for 
the application of the effluent treatment, since the use of a less expensive technology 
for the treatment of effluents when the reuse option adopted is less restrictive [8, 
24]. As well as the reuse and/or recycle systems when it comes to the food industry, 
since it is necessary to meet the specific criteria [16, 27, 28]. Advanced treatment 
techniques capable of removing high levels of pollutants should be used [29].

The choice of treatment technologies that best fits the reality of each industry 
does not depend exclusively on the level of removal to be achieved, since other 
technical, economic and environmental criteria also influence decision-making. In 
order to establish which treatment levels are adequate, tools capable of evaluating 
the technologies for applications in reuse projects can be employed. Compensatory 
models are an example; since they allow achieving results closer to what would be 
the ideal result, because they are more demanding in assessing the advantages and 
disadvantages of each attribute, which characterizes a multicriteria analysis (MCA). 
These models can be divided into three subgroups: (i) scoring models  
(such as simple additive weighting); (ii) compromise models (such as TOPSIS); and 
(iii) concordance models (such as ELECTRE and PROMETHEE) [35].
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The PROMETHEE is a non-parametric method of classification, which uses the 
principle of superior classification to formulate a ranking of alternatives, suitable 
for problems in which a finite number of alternatives must be classified in relation 
to several, sometimes-contradictory criteria [36]. The PROMETHEE approach has 
the advantage of being easier to use and less complex than the ELECTRE approach, 
although they are part of the same principles of agreement. For this reason, its 
application in solving environmental problems is increasing [3, 35].

For the implementation of PROMETHEE, it is necessary to define the weights 
of the criteria adopted and the preference functions of the decision maker when 
comparing the contribution of the alternatives in terms of each separate criterion. 
ELECTRE is a method of overcoming based on the agreement analysis. The main 
advantage is that it takes account of uncertainties and inaccuracies.

By optimizing the way in which the industries treat the effluents, a reduction of 
the operational costs of the plant can be obtained, besides minimizing the genera-
tion and the volume of effluents, without sacrificing the value or quality of the 
product [37]. The multicriteria analysis can subsidize the choice of the technology 
that satisfies the most possible criteria (objective and subjective), considering 
aspects competing in the decision of the managers of these types of establishments. 
Among the alternatives of effluent treatment systems for the fish processing indus-
try, it is possible to choose the technologies that have the highest levels of removal 
(Table 3), capable of producing reuse waters with higher quality, or by better 
meeting the criteria of greater relevance [38].

From the removal rate obtained by the different treatment systems, multicri-
teria analysis (AMC) can be employed to support the decision on the choice of 

Product 
or stage of 
processing

Type of water Subsequent use Reference

Beef processing

Beef 
processing

Shower water from chiller Reuse as warm water for 
cleaning and as water of 
constitution of boiler

[30]

Beef processing

Final effluent Reuse in operation that 
does not require low 
concentration
Total solid suspended (SST) 
and turbidity

[31]

Poultry processing

Poultry 
processing

Pre-chiller water, effluent from gutter 
gutter; cooling chamber water and 
thawing; filter washing water

Recycle [32]

Fish processing

Processing of 
crustaceans

Cooling water from crustaceans after 
cooking

Direct reuse in the 
crustacean cleaning step 
before cooking

[33]

Fish processing Process water from: vacuum or 
centrifugal pumping, evaporation 
(film evaporator or conventional) 
and drying (direct flame or steam)

Recycling, protein 
separation and subsequent 
incorporation into the 
processing

[34]

TSS, total suspended solids.

Table 2. 
Industrial recycling and reuse of treated effluents in food processors.
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to several, sometimes-contradictory criteria [36]. The PROMETHEE approach has 
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although they are part of the same principles of agreement. For this reason, its 
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For the implementation of PROMETHEE, it is necessary to define the weights 
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comparing the contribution of the alternatives in terms of each separate criterion. 
ELECTRE is a method of overcoming based on the agreement analysis. The main 
advantage is that it takes account of uncertainties and inaccuracies.

By optimizing the way in which the industries treat the effluents, a reduction of 
the operational costs of the plant can be obtained, besides minimizing the genera-
tion and the volume of effluents, without sacrificing the value or quality of the 
product [37]. The multicriteria analysis can subsidize the choice of the technology 
that satisfies the most possible criteria (objective and subjective), considering 
aspects competing in the decision of the managers of these types of establishments. 
Among the alternatives of effluent treatment systems for the fish processing indus-
try, it is possible to choose the technologies that have the highest levels of removal 
(Table 3), capable of producing reuse waters with higher quality, or by better 
meeting the criteria of greater relevance [38].

From the removal rate obtained by the different treatment systems, multicri-
teria analysis (AMC) can be employed to support the decision on the choice of 
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Beef processing
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Pre-chiller water, effluent from gutter 
gutter; cooling chamber water and 
thawing; filter washing water

Recycle [32]
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Processing of 
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separation and subsequent 
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TSS, total suspended solids.

Table 2. 
Industrial recycling and reuse of treated effluents in food processors.
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wastewater treatment systems for reuse, considering the economic, technological 
and environmental criteria.

The AMC tool was employed to determine the best wastewater treatment 
technology from fish processing industries. The Visual PROMETHEE 1.4 program 
(implementation software of both the PROMETHEE method and the GAIA 
method) was used.

Economic [construction cost (CC) and operation and maintenance cost 
(CO&M)], technological [pollutant removal capacity (CRP), system complexity 
(COMP) and specialized MO (MOE)] and environmental (potability) aspects were 
adopted. [(PO), energy consumption (EC) and odors (OD)] [38].

It was postulated that the best system comprises efficient and low cost treatment 
and it was admitted that the economic and environmental criteria have importance 
and greater weight in the analysis. When considering obtaining a wastewater for 
potable reuse, deployment costs and removal efficiency were prioritized. While 
operation and maintenance costs were of intermediate importance, followed by the 
other criteria in order of importance. If potable reuse was not necessary, its weight 
was redistributed, prioritizing cost and removal efficiency criteria.

To analyze effluent compliance for reuse, the following standards and regula-
tions were adopted (Table 1): Brazilian NBR Technical Standards 13969: 1997 [24], 
European Standards: Spain, Royal Decree 1620, [25] and Greece, Ministerial Decree 
[26], American Guidelines [8].

When the intended reuse was drinking, the Brazilian Ministry of Health (MS 
Ordinance No. 2914 [64]) was used, as well as to evaluate the potential for reuse 
of effluents in the most restrictive activities, such as preparation, handling and 
disposal fish packaging in processing industries.

For the use of potable reuse, from the effluent generated in the facilities of fish 
processing industries, the potability criterion (PO) was considered to be of greater 

Treatment Parameters Removal Reference

Coagulation/Flocculation with FeCl3 SST
BOD
COD

Oils and greases

95.4%
89.3%
87.5%
92%

[39]

Rotary bioreactor COD 98% [40]

Discontinuous mixed reactor and compact filter 
reactor

Ntotal
Dissolved organic 

carbon

99.9%
88%

[41]

Bioreactor and ultrafiltration by membranes COD 92% [42]

Bioreactor; coagulation/flocculation/sedimentation; 
microfiltration by membranes

COD
Dissolved solids

Ntotal
Ptotal

100%
100%
93%

100%

[15]

Sedimentation/flotation; coagulation/flocculation; 
biological treatment by activated sludge process; sand 
filter filtration; reverse osmosis and UV disinfection

Dissolved organic 
carbon

Oils and greases
SST

Anions and cations 
heterotrophic 

bacteria

99.9%
99.8%
98.4%
96%

100%

[13]

TSS, total suspended solids; BOD, biochemical oxygen demand; COD, chemical oxygen demand; Ntotal, total 
nitrogen; Ptotal, total phosphorus; UV, ultra violet. Source: [43].

Table 3. 
Advanced treatment techniques for removal of high levels of pollutants.
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relative importance, with a higher weight valuation than the others, given the 
restrictions imposed by the use itself and by rules and regulations.

Among the alternatives of effluent treatment systems for the fish processing 
industry, the technologies that presented the highest levels of pollutant removal 
were chosen (Table 3).

After processing the data by the AMC program used, it can be verified that the 
alternative that best meets the criteria listed for the importance weighting adopted 
was the effluent treatment system composed by the following technologies: bio-
reactor; coagulation/flocculation/sedimentation; microfiltration by membranes 
(Bio + Coag/floc/sed + Memb) [15], followed by sedimentation/flotation systems; 
coagulation/flocculation; biological treatment by activated sludge process; sand fil-
ter filtration; reverse osmosis and UV disinfection (Sed/Flot + Coag/floc + Sludge + 
Filtr + OsmRev + UV) [13].

It is noteworthy that the alternative Bio + Coag/floc/sed + Memb presented 
better overall performance, by better meeting the most relevant criteria adopted for 
drinking reuse. The criteria that most influenced the decision axes (Figure 1) were 
pollutant removal efficiency (CRP) and potability (PO).

For the reuse of non-potable water in less restrictive activities associated with 
the fish processing industry, such as use in water sanitation facilities, floor washing, 
garden irrigation and cooling and heating systems, potability requirements were 
not considered. Therefore, the valuation of the weights presented a redistribution of 
importance, prioritizing the criteria construction cost (CC), operation and mainte-
nance cost (CO&M) and pollutant removal capacity (CRP).

As alternatives for effluent treatment systems, the same technologies were 
adopted when considering potability. For this case, the alternative that best meets 
the listed criteria for the importance weighting adopted was the effluent treatment 
system proposed by Fahim et al. [39]: coagulation/flocculation with FeCl3 (Coag/
Floc), followed by the systems proposed by Artiga et al. [42]: bioreactor and ultra-
filtration by membranes (Bio + Memb).

The reason for the alternative proposed by Fahim et al. [39] presented the best 
overall performance, by meeting the most relevant criteria adopted: construction cost 
(CC) and operation and maintenance cost (CO&M) and pollutant removal capacity 
(CRP). For and Artiga et al. [42] were the COMP, CC and EC criteria (Figure 2).

Figure 1. 
Behavior of treatment alternatives proposed by Queiroz et al. [15], (a) bioreactor; coagulation/flocculation/
sedimentation; microfiltration by membranes (Bio + Coag/floc/sed + Memb), followed by the systems 
proposed by Cristóvão et al. [13]: sedimentation/flotation; coagulation/flocculation; biological treatment 
by activated sludge process; sand filter filtration; reverse osmosis and UV disinfection (Sed/Flot + Coag/
floc + Sludge + Filter + OsmRev + UV).
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wastewater treatment systems for reuse, considering the economic, technological 
and environmental criteria.

The AMC tool was employed to determine the best wastewater treatment 
technology from fish processing industries. The Visual PROMETHEE 1.4 program 
(implementation software of both the PROMETHEE method and the GAIA 
method) was used.

Economic [construction cost (CC) and operation and maintenance cost 
(CO&M)], technological [pollutant removal capacity (CRP), system complexity 
(COMP) and specialized MO (MOE)] and environmental (potability) aspects were 
adopted. [(PO), energy consumption (EC) and odors (OD)] [38].

It was postulated that the best system comprises efficient and low cost treatment 
and it was admitted that the economic and environmental criteria have importance 
and greater weight in the analysis. When considering obtaining a wastewater for 
potable reuse, deployment costs and removal efficiency were prioritized. While 
operation and maintenance costs were of intermediate importance, followed by the 
other criteria in order of importance. If potable reuse was not necessary, its weight 
was redistributed, prioritizing cost and removal efficiency criteria.

To analyze effluent compliance for reuse, the following standards and regula-
tions were adopted (Table 1): Brazilian NBR Technical Standards 13969: 1997 [24], 
European Standards: Spain, Royal Decree 1620, [25] and Greece, Ministerial Decree 
[26], American Guidelines [8].

When the intended reuse was drinking, the Brazilian Ministry of Health (MS 
Ordinance No. 2914 [64]) was used, as well as to evaluate the potential for reuse 
of effluents in the most restrictive activities, such as preparation, handling and 
disposal fish packaging in processing industries.

For the use of potable reuse, from the effluent generated in the facilities of fish 
processing industries, the potability criterion (PO) was considered to be of greater 

Treatment Parameters Removal Reference

Coagulation/Flocculation with FeCl3 SST
BOD
COD

Oils and greases

95.4%
89.3%
87.5%
92%

[39]

Rotary bioreactor COD 98% [40]

Discontinuous mixed reactor and compact filter 
reactor

Ntotal
Dissolved organic 

carbon

99.9%
88%

[41]

Bioreactor and ultrafiltration by membranes COD 92% [42]

Bioreactor; coagulation/flocculation/sedimentation; 
microfiltration by membranes

COD
Dissolved solids

Ntotal
Ptotal

100%
100%
93%

100%

[15]

Sedimentation/flotation; coagulation/flocculation; 
biological treatment by activated sludge process; sand 
filter filtration; reverse osmosis and UV disinfection

Dissolved organic 
carbon

Oils and greases
SST

Anions and cations 
heterotrophic 

bacteria

99.9%
99.8%
98.4%
96%

100%

[13]

TSS, total suspended solids; BOD, biochemical oxygen demand; COD, chemical oxygen demand; Ntotal, total 
nitrogen; Ptotal, total phosphorus; UV, ultra violet. Source: [43].

Table 3. 
Advanced treatment techniques for removal of high levels of pollutants.
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relative importance, with a higher weight valuation than the others, given the 
restrictions imposed by the use itself and by rules and regulations.

Among the alternatives of effluent treatment systems for the fish processing 
industry, the technologies that presented the highest levels of pollutant removal 
were chosen (Table 3).

After processing the data by the AMC program used, it can be verified that the 
alternative that best meets the criteria listed for the importance weighting adopted 
was the effluent treatment system composed by the following technologies: bio-
reactor; coagulation/flocculation/sedimentation; microfiltration by membranes 
(Bio + Coag/floc/sed + Memb) [15], followed by sedimentation/flotation systems; 
coagulation/flocculation; biological treatment by activated sludge process; sand fil-
ter filtration; reverse osmosis and UV disinfection (Sed/Flot + Coag/floc + Sludge + 
Filtr + OsmRev + UV) [13].

It is noteworthy that the alternative Bio + Coag/floc/sed + Memb presented 
better overall performance, by better meeting the most relevant criteria adopted for 
drinking reuse. The criteria that most influenced the decision axes (Figure 1) were 
pollutant removal efficiency (CRP) and potability (PO).

For the reuse of non-potable water in less restrictive activities associated with 
the fish processing industry, such as use in water sanitation facilities, floor washing, 
garden irrigation and cooling and heating systems, potability requirements were 
not considered. Therefore, the valuation of the weights presented a redistribution of 
importance, prioritizing the criteria construction cost (CC), operation and mainte-
nance cost (CO&M) and pollutant removal capacity (CRP).

As alternatives for effluent treatment systems, the same technologies were 
adopted when considering potability. For this case, the alternative that best meets 
the listed criteria for the importance weighting adopted was the effluent treatment 
system proposed by Fahim et al. [39]: coagulation/flocculation with FeCl3 (Coag/
Floc), followed by the systems proposed by Artiga et al. [42]: bioreactor and ultra-
filtration by membranes (Bio + Memb).

The reason for the alternative proposed by Fahim et al. [39] presented the best 
overall performance, by meeting the most relevant criteria adopted: construction cost 
(CC) and operation and maintenance cost (CO&M) and pollutant removal capacity 
(CRP). For and Artiga et al. [42] were the COMP, CC and EC criteria (Figure 2).

Figure 1. 
Behavior of treatment alternatives proposed by Queiroz et al. [15], (a) bioreactor; coagulation/flocculation/
sedimentation; microfiltration by membranes (Bio + Coag/floc/sed + Memb), followed by the systems 
proposed by Cristóvão et al. [13]: sedimentation/flotation; coagulation/flocculation; biological treatment 
by activated sludge process; sand filter filtration; reverse osmosis and UV disinfection (Sed/Flot + Coag/
floc + Sludge + Filter + OsmRev + UV).
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Technician employed % Theoretical 
adopted

References

Total solids

Screen 31% a 60% [46, 53]

Linked screen with fil 40% a 70% [50]

and catchment area 100% [54]

Sieving conjugated with microfiltration, ultrafiltration, 
nanofiltration and reverse osmosis

80% a 90% [49]

Organic matter

Screens 25% a 60% [29]

Rotary filter 15% [45]

Rotary sieve 25% [45]

Nanofiltration conjugated prefiltration 56%. [54]

Ultrafiltration 36% [54]

Nanofiltration 60% a 80% [54]

Dissolved air flotation 30% a 90% [29, 55]

Coagulation-flotation 90% [56]

Reverse osmosis 97,50% [54]

Oils and greases

Membrane filtration associated with electrocoagulation 65% [57]

Ceramic membrane and electrocoagulation 50% [57]

Ceramic membrane 2% [57]

Dynamic membrane 10% [57]

Flotation 37% e 63% [49]

Screen 10% a 20% [49]

Source: [58].

Table 4. 
Segregation techniques and removal percentages achieved.

Figure 2. 
Behavior of Fahim et al. [39] (a) coagulation/flocculation with FeCl3 (Coag/Floc), Artiga et al. [42] (b), 
Queiroz et al. [15] bioreactor and ultrafiltration by membranes (Bio + Memb) and their decision axes.
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Even if the desired level of pollutant removal is reached, the use of clean tech-
nologies, which promote green innovation, together with the production process, 
should favor the sustainability of product transformation [44, 45]. Complex or 
simple technological investments, such as segregation of effluent, in processing 
contribute to cleaner production [44, 46, 47]. Segregation facilitates the treatment 
of the generated effluents [17] and can occur in the processing, through optimiza-
tions added to the production line.

In the case of the fish processing industry, several alternatives can be adopted such 
as alteration in the cutting machine; adjustment in the mechanized filleting machine; 
inclusion of waste separation ramp; [48] (Table 4). Allied operations are considered 
the minimization of waste generation, such as sieving; filtration; [49, 50] which reduce 
between 30% and 80% of the solid residues originated during fish processing [51, 52].

Studies of the valuation of by-products of fish processing indicate that these can be 
used in the elaboration of new products, with low raw material and production costs, 
increasing the industry profit and reducing the environmental impact caused [17]. 
Among the alternatives for the reuse of waste generated by fish processing are the use 
for animal and human consumption and for biodiesel generation, which may contrib-
ute to the establishment of a sector committed to environmental issues [59–63].

4. Conclusions

The precise characterization of the effluents, including the daily volumes, flow 
rates and associated pollutant load, is fundamental for an efficient design of the 
treatment systems. The determination of the performance requirements of the 
treatment systems depends directly on a detailed assessment of the quality of  
the effluents to be treated.

The choice of the treatment system to be used with a view to reuse, capable of 
guaranteeing the project’s profitability and sustainability, is not a simple decision 
process, depending on the number of possible alternatives and criteria to be evalu-
ated (such as economic, technical, environmental and social). In order to choose 
the most appropriate technologies for the treatment of effluents, it is necessary to 
define the intended destination, either for discharge into the water sources or for 
the application in reuse and/or recycling systems. Based on related regulations, the 
available technologies can be related to the levels of removal required.
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Even if the desired level of pollutant removal is reached, the use of clean tech-
nologies, which promote green innovation, together with the production process, 
should favor the sustainability of product transformation [44, 45]. Complex or 
simple technological investments, such as segregation of effluent, in processing 
contribute to cleaner production [44, 46, 47]. Segregation facilitates the treatment 
of the generated effluents [17] and can occur in the processing, through optimiza-
tions added to the production line.

In the case of the fish processing industry, several alternatives can be adopted such 
as alteration in the cutting machine; adjustment in the mechanized filleting machine; 
inclusion of waste separation ramp; [48] (Table 4). Allied operations are considered 
the minimization of waste generation, such as sieving; filtration; [49, 50] which reduce 
between 30% and 80% of the solid residues originated during fish processing [51, 52].

Studies of the valuation of by-products of fish processing indicate that these can be 
used in the elaboration of new products, with low raw material and production costs, 
increasing the industry profit and reducing the environmental impact caused [17]. 
Among the alternatives for the reuse of waste generated by fish processing are the use 
for animal and human consumption and for biodiesel generation, which may contrib-
ute to the establishment of a sector committed to environmental issues [59–63].

4. Conclusions

The precise characterization of the effluents, including the daily volumes, flow 
rates and associated pollutant load, is fundamental for an efficient design of the 
treatment systems. The determination of the performance requirements of the 
treatment systems depends directly on a detailed assessment of the quality of  
the effluents to be treated.

The choice of the treatment system to be used with a view to reuse, capable of 
guaranteeing the project’s profitability and sustainability, is not a simple decision 
process, depending on the number of possible alternatives and criteria to be evalu-
ated (such as economic, technical, environmental and social). In order to choose 
the most appropriate technologies for the treatment of effluents, it is necessary to 
define the intended destination, either for discharge into the water sources or for 
the application in reuse and/or recycling systems. Based on related regulations, the 
available technologies can be related to the levels of removal required.
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Chapter 6

The Thermal Waste Treatment 
Plant in Kraków, Poland: 
A Case Study
Dariusz Sala and Bogusław Bieda

Abstract

The thermal waste treatment plant (TWTP) in Kraków (eco-incinerator) was 
created as a response to the energy and ecological needs of Kraków as part of the 
project “Municipal Waste Management Program in Krakow.” The TWTP is able to 
process 220,000 tons of municipal waste during the year. Estimated values of the 
65,000 MWh of electricity and 280,000 MWh of heat are produced as a result of 
the waste combustion. The energy obtained by way of the thermal transformation 
process is largely organic and renewable. The TWTP is equipped with a state-of-
the-art exhaust purification system that meets strict emission standards for air. The 
emission standards will meet the requirements the Ordinance of the Minister of the 
Environment of November 4, 2014 on emission standards for certain types of instal-
lations, sources of fuel combustion and devices for incineration or co-incineration 
of waste (Journal of Laws of 2014, item 1546, including further amendments). 
The cleaning process takes place in the exhaust aftertreatment process and is based 
on the following steps: (i) denitrification of exhaust gases, (ii) flue gas cleaning 
by means of a semi-dry method and (iii) dust extraction. As the project’s general 
contractor was POSCO E&C from South Korea.

Keywords: Poland, emission standards, waste incineration,  
exhaust aftertreatment process, heat, electricity

1. Introduction

The term “thermal treatment” is used to describe a range of technologies that 
use heat to degrade the constitution of solid matter. These include incineration and 
its variations, as well as advanced thermal conversion (ATC) technologies such as 
pyrolysis and gasification [1, 2]. Incineration of waste has been practiced for more 
than a century in the industrialized world [3].

For many people, thermal treatment technologies for waste management repre-
sent an image of hell on earth [2]. In line with Moberg et al. [4], waste is generated 
as a consequence of most of our daily activities. Waste incineration is often (but 
not always) the preferable choice when incineration substitutes landfill disposal of 
waste [5]. According to Hauck et al. [6], modern WTE facilities process approxi-
mately 13% of the total municipal waste in the United States. There is potentially 
more than 16,000 MW of electric power that currently a “missed opportunity” in 
the United States alone. The average gross and net electrical power generation of 
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WTE facilities has increased over the past decade to approximately 550 kWh per net 
ton of waste processed, assuming a typical municipal solid waste (MSW) heating 
value of 5000 Btu per pound (deg. F) (Note: 5000 Btu per pound (deg. K = 20,934 kJ/
kg (deg. K) = 20.934 MJ/kg = 20.934 GJ/ton) [6].

The first incinerators were developed in the United kingdom in the last part of 
the nineteenth century [3]. Germany introduced the technology in Hamburg in 
1895 followed by Brussels, Stockholm and Zurich in 1904. British technology was 
used for the first plants in other parts of Europe. This includes Denmark where the 
first incinerators were constructed in the Copenhagen area in 1903 by the British 
company Hughes & Stirling and steam boilers from Babcock and Wilcox [3]. More 
reading on the history of waste incineration is available in Chandler et al. [7] and 
Kleis and Dalager [8].

The list of waste conversion technologies includes advanced combustion, 
anaerobic digestion, catalytic depolymerization, fermentation, gasification and 
pyrolysis [6]. Several cited technologies are currently being evaluated in various 
stages of testing, with funding provided by the US Department of Energy and 
private investors, and by 2020, it is possible that several of the presented above 
waste conversion technologies will advance to commercial status (HAUCK). The 
WTE industry is still evolving and be used and implemented into a municipal waste 
management process.

As reported by Chromec and Ferraro [9] in December 2007, the United Nations 
Framework Convention on Climate Change (UNFCCC) took place in Bali. Key 
mitigation technologies in the waste sector, landfill gas (LFG) methane recovery, 
waste incineration with energy recovery, composting of organic waste, controlled 
waste water treatment, recycling and waste minimization, biocovers and biofilters 
to optimize methane oxidation have been proposed. In the presented above mitiga-
tion technologies for the waste sector, the categorization was carried out regarding 
specific waste treatment scenarios, whose efficiency is expressed in kg CO2 equiva-
lent emitted per ton of waste. In the USA, with a population of over 300 million 
people, about 230 million tons per year of the waste are generated which represent 
about 760 kg per inhabitant per year (OECD). Based on the scenarios discussed 
above, if all wastes were landfilled, waste disposal would correspond to 425 million 
tons of CO2 equivalents. Furthermore, Chromec and Ferraro [9] presented the poli-
cies of the European Union (ΕU) on climate and energy. EU has proposed reducing 
greenhouse gas emissions by at least 40% below 1990 levels. The EU is committed 
to reducing greenhouse gas emissions by at least 40% below 1990 levels by 2030 [9]. 
In comparison with Europe, annual GHG emissions (CO2-eq/person year) in the 
USA today are on a level about double that of the Europe. Moreover, in the USA, the 
EFW concepts are based on the most advanced state of the art, solve a space and 
pollution problem and guarantee economical and environmentally robust process-
ing and disposal [9].

Chromec and Ferraro [9] determined that if all wastes were incinerated in EFW 
plants, the emissions could be reduced by about 500 million tons of CO2 equivalents 
(about 9% of today’s USA CO2 output) and make the waste management sector a 
GHG emission sink. Finally, the total electricity generated from EFW plants could be 
as high as 15,000 MW replacing about 50 standard 300 MW power plant units [9].

In the other paper, Chromec and Burelle [10] discussed that the maximum 
environmental benefits from a new EFW facility may require locating the new plant 
close to both the source of the waste and the potential energy customers. Placing the 
EFW facility directly into an urban community leads to the following: (i) minimizes 
the cost and the environmental impact of waste transport, (ii) allows electrical 
power to be generated at the point of consumption, (iii) provides thermal energy 

97

The Thermal Waste Treatment Plant in Kraków, Poland: A Case Study
DOI: http://dx.doi.org/10.5772/intechopen.90254

for district heating and cooling, (iv) reduces the dependence on imported fossil fuel 
for electrical generation and for heating/cooling, (v) provides secure and well-
paying jobs for members of the community and finally reduces the carbon foot print 
of the community. The two case studies included in this paper described the Isséane 
EFW plant in Paris and the EFW plant in London [10].

2. Example of Incineration plants. Literature review

In Europe, the recovery of EFW has been adopted by the European 
Commission as one of the sustainable waste management options, with the scope 
to decrease the amount of nonhazardous waste going to landfill [11]. In the con-
text of waste-to-energy, it is worth noting the European Environmental Citizen 
Organization for Standardization (ECOS), nonprofit association established in 
2002, funded by the European Commission and based in Brussels [12]. ECOS 
acknowledges that incineration of biomass contribute to climate protection, in 
addition ECOS admits that energy recovers only if performance is higher (LCA), 
and waste with low net calorific value or high level of pollutants shall not be 
used as “fuel” [12].

Waste incineration practices were discussed in the framework of project 
“QUOVADIS Waste-to-fuel Conversion — A Thinkshop,” which took place in Ispra, 
Italy, between 28 April 2005 and 29 April 2005 [13]. Workshop was the forum for 
discussion and debate on the exchange of various experiences concerning the use 
of waste in waste-to-fuel conversion and its subsequent application [13]. In the 
draft paper untitled “Survey on the on-going scenario for SFR (solid recovery fuels) 
production and use in Italy” prepared by MP Maranzana presented 44 waste-to 
energy plants in Italy [13].

With the introduction of legalization, the situation in the EU has been improved 
markedly, but with pressure to minimize landfill and limited option for recycling, 
thermal treatment occupies a key role in waste management [14] (ENERGY]. The 
main challenges to incineration plant operation are maximizing thermal efficiency 
for energy recovery [14]. The Clean and Efficient Waste Incineration, Waste-to-Energy 
and Biomass Combustion (CLEANWEB) project addresses these challenges. The 
other project Performance, Reliability and Emission reduction in Waste INcineration 
(PREWIN) Network provides the forum for collaboration among pan-European 
organizations for waste incineration [14]. One of the objectives of the project is 
to improve the performance, efficiency and reliability of thermal treatment plant 
(Figure 1).

Figure 1. 
Process flow diagram related to CLEANWEB and PREWIN projects [14].



Innovation in Global Green Technologies 2020

96
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and waste with low net calorific value or high level of pollutants shall not be 
used as “fuel” [12].

Waste incineration practices were discussed in the framework of project 
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Italy, between 28 April 2005 and 29 April 2005 [13]. Workshop was the forum for 
discussion and debate on the exchange of various experiences concerning the use 
of waste in waste-to-fuel conversion and its subsequent application [13]. In the 
draft paper untitled “Survey on the on-going scenario for SFR (solid recovery fuels) 
production and use in Italy” prepared by MP Maranzana presented 44 waste-to 
energy plants in Italy [13].

With the introduction of legalization, the situation in the EU has been improved 
markedly, but with pressure to minimize landfill and limited option for recycling, 
thermal treatment occupies a key role in waste management [14] (ENERGY]. The 
main challenges to incineration plant operation are maximizing thermal efficiency 
for energy recovery [14]. The Clean and Efficient Waste Incineration, Waste-to-Energy 
and Biomass Combustion (CLEANWEB) project addresses these challenges. The 
other project Performance, Reliability and Emission reduction in Waste INcineration 
(PREWIN) Network provides the forum for collaboration among pan-European 
organizations for waste incineration [14]. One of the objectives of the project is 
to improve the performance, efficiency and reliability of thermal treatment plant 
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Figure 1. 
Process flow diagram related to CLEANWEB and PREWIN projects [14].
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2.1 Maishima incineration plant

Maishima (“dancing island” in Japanese) is a man-made Island in the Bay of 
Osaka. Osaka is Japan’s third largest city, with a population of 2.6 million and with 
seven completed Von Roll plants [15]. Impressed by a facility in Vienna that had 
been embellished by the world famous Austrian artist, Osaka’s planners decided to 
entrust him with the design and ornamentation of the building, the stack and the 
surrounding area (Figure 2). The facility consist of two waste processing lines, each 
of which is able to incinerate 450 tons of MSW every 24 hours, and is typical of 
today’s large scale.

The energy produced in the incineration process is used to generate power in the 
power generator with a capacity of 32 MW [15].

2.2 AVI Moerdijk incineration facility

The Dutch provinces of Zeeland, North Brabant and Limburg funded study 
in 1990 to determine how much waste was being generated in the southern 
Netherlands. Based on the 600,000 tons of waste, new waste incineration plant 
AVI Moerdijk linked to thermal power plant was built. The facility being operation 
since 1996/1997 and consists of three separate lines. Waste heat generated in a year 
amounts to 2,000,000 tons of high-pressure steam at temperature of 400°C. The 
photo and schematic of the AVI Moerdijk incineration facility are presented in 
Figures 3 and 4, respectively [16].

2.3 Bergen incineration facility

In the Bergen region on the western coast of Norway, the city Bergen and neigh-
boring communities founded Bergensområdets interkomunale Renovasjonsselskap 
(BiR) company with the objectives of managing the waste generated by the region’s 
280,000 inhabitants. The contract for erecting waste incineration plant was awarded 
to Von Roll Inova in 1997. Start of operation was in 1999. Energy recovery based on 
90,000 tons of waste is about 60 GWh of electrical energy and 430,000 tons of 
process steam. The photo and schematic of the BiR Bergen incineration facility are 
presented in Figures 5 and 6, respectively [17], as well as in Figure 7 [18].

Figure 2. 
Maishima incineration plant of 900 tons/24 hours of waste [15].
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2.4 KEBAG waste incinerator plant, Zuchwil

According to DOKA [19], Switzerland has 28 municipal solid waste incinerator 
(MSWI) plants in operation 1 (2000). The majority of them [23] have two or three 
furnace lines. All Swiss MSWIs utilize the energy contained in the waste to produce 
useful heat and/or electricity. In 2000, Swiss MSWIs gross production was 2,526,800 
MWh heat and 1,284,200 MWh electricity, and the total energy input was 9,880,262 
MWh [20]. Figure 8 displays the general photo of the KEBAG waste incinerator 
plant in Zuchwil, Switzerland. In its four incineration lines, Zuchwiler KEBAG treats 
220,000 tons of flammable domestic waste a year from the cantons of Berne and 
Solothurn—i.e., from around 473,000 residents in 208 municipalities, as opposed 

Figure 3. 
AVI Moerdijk incineration facility of 600,000 tons/year of waste [16].

Figure 4. 
Scheme of the AVI Moerdijk incineration facility of 600,000 tons/year of waste [16]. 1-Tipping hall, 2-waste 
pit, 3-overhead crane, 4-crane pulpit, 5-feed hopper, 6-reciprocating grate, 7-primary air supply, 8-secondary 
air supply, 9-auxilary burners, 10-wet deslagger, 11-slag pit, 12-slag crane, 13-two-pass boiler, 14-boiler ash 
removal, 15-SNCR DeNOx system, 16-electrostatic precipitator, 17-ash silo, 18-gas-to-gas heat exchanger, 
19-wet scrubber, 20-gypsum silo, 21-fabric filter with activated carbon injection, 22-inducted draft fan, 
23-stack, 24-emission monitoring.



Innovation in Global Green Technologies 2020

98

2.1 Maishima incineration plant

Maishima (“dancing island” in Japanese) is a man-made Island in the Bay of 
Osaka. Osaka is Japan’s third largest city, with a population of 2.6 million and with 
seven completed Von Roll plants [15]. Impressed by a facility in Vienna that had 
been embellished by the world famous Austrian artist, Osaka’s planners decided to 
entrust him with the design and ornamentation of the building, the stack and the 
surrounding area (Figure 2). The facility consist of two waste processing lines, each 
of which is able to incinerate 450 tons of MSW every 24 hours, and is typical of 
today’s large scale.

The energy produced in the incineration process is used to generate power in the 
power generator with a capacity of 32 MW [15].

2.2 AVI Moerdijk incineration facility

The Dutch provinces of Zeeland, North Brabant and Limburg funded study 
in 1990 to determine how much waste was being generated in the southern 
Netherlands. Based on the 600,000 tons of waste, new waste incineration plant 
AVI Moerdijk linked to thermal power plant was built. The facility being operation 
since 1996/1997 and consists of three separate lines. Waste heat generated in a year 
amounts to 2,000,000 tons of high-pressure steam at temperature of 400°C. The 
photo and schematic of the AVI Moerdijk incineration facility are presented in 
Figures 3 and 4, respectively [16].

2.3 Bergen incineration facility

In the Bergen region on the western coast of Norway, the city Bergen and neigh-
boring communities founded Bergensområdets interkomunale Renovasjonsselskap 
(BiR) company with the objectives of managing the waste generated by the region’s 
280,000 inhabitants. The contract for erecting waste incineration plant was awarded 
to Von Roll Inova in 1997. Start of operation was in 1999. Energy recovery based on 
90,000 tons of waste is about 60 GWh of electrical energy and 430,000 tons of 
process steam. The photo and schematic of the BiR Bergen incineration facility are 
presented in Figures 5 and 6, respectively [17], as well as in Figure 7 [18].

Figure 2. 
Maishima incineration plant of 900 tons/24 hours of waste [15].

99

The Thermal Waste Treatment Plant in Kraków, Poland: A Case Study
DOI: http://dx.doi.org/10.5772/intechopen.90254

2.4 KEBAG waste incinerator plant, Zuchwil

According to DOKA [19], Switzerland has 28 municipal solid waste incinerator 
(MSWI) plants in operation 1 (2000). The majority of them [23] have two or three 
furnace lines. All Swiss MSWIs utilize the energy contained in the waste to produce 
useful heat and/or electricity. In 2000, Swiss MSWIs gross production was 2,526,800 
MWh heat and 1,284,200 MWh electricity, and the total energy input was 9,880,262 
MWh [20]. Figure 8 displays the general photo of the KEBAG waste incinerator 
plant in Zuchwil, Switzerland. In its four incineration lines, Zuchwiler KEBAG treats 
220,000 tons of flammable domestic waste a year from the cantons of Berne and 
Solothurn—i.e., from around 473,000 residents in 208 municipalities, as opposed 

Figure 3. 
AVI Moerdijk incineration facility of 600,000 tons/year of waste [16].

Figure 4. 
Scheme of the AVI Moerdijk incineration facility of 600,000 tons/year of waste [16]. 1-Tipping hall, 2-waste 
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Figure 7. 
View general of the BiR Bergen incineration facility (photo from 2018) [18].

Figure 5. 
BiR Bergen incineration facility of 90,000 tons/year of waste with energy output about 60 GWh. Waste return 
in form of electricity and heat [17].

Figure 6. 
Scheme of the BiR Bergen incineration facility of 90,000 tons/year of waste [17]. 1-Truck unloading 
area, 2-waste pit, 3-, 4-crane operating pulpit, 5-feed hopper, 6-primary air intake, 7-primary air fan, 
8-primary air distribution, 9-recirculated flue gas fan, 10-ram feeder, 11-reciprocating grate, 12-wet deslagger, 
13-auxilary burners, 14-four-pass steam generator, 15-steam drum, 16-feedwater storage tank, 17-electrostatic 
precipitator, 18-quench, 19-wet scrubber, 20-steam-to-gas heat exchanger, 21-fabric filter, 22-induced 
draft fan, 23-silencer, 24-emission monitoring, 25-stack, 26-ash removal system, 27-emergency water tank, 
28-adsorbent metering station.
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to 2002 year, when train 4 enters service, and the service area has around 350,00 
habitants who generated some 200,000 tons of wastes. The energy produced in the 
incineration process is used to generate electricity and prepare hot water [21, 22].

2.5 KVA Thun energy-from-waste plant

The KVA Thun energy-from-waste plant handles some 100,000 tons of combustible 
waste (domestic and bulky) a year. Thun is the city, located on Lake Thun, is the eco-
nomic hub of the Bernese Mittelland and Oberland with the population of 300,000 resi-
dents in 150 communities. The facility produces about a third of the electricity consumed 
in the city of Thun, as well as provides district heating for different customers facilities 
(e.g., adjacent public sector facilities [23]). Energy recovery type is extraction-condensa-
tion turbine produced electric power of 12 MW (maximum) and district heating output 
about 25 MW (maximum) [23]. The photo and longitudinal section of the KVA Thun 
energy-from-waste plant are presented in Figures 9 and 10, respectively [22].

The applicable emissions guarantees are below Swiss air quality regulation 
(LRV) limits, as show in the Figure 11 below [24].

Figure 8. 
KEBAG waste incinerator plant, Zuchwil, Switzerland [20]. Note: The name KEBAG comes from the German 
words for waste disposal.

Figure 9. 
KVA Thun energy-from-waste plant of 100,000 tons/year of combustible waste with energy recovery: electric 
power about 12 MW (maximum) and district heating output about 25 MW (maximum) [23].
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3. Forms of recycling in Poland

One recycling method is energy (thermal) recycling, understood as total or par-
tial energy recovery. The waste incineration process must take place under certain 
conditions due to the toxic substances formed during combustion, such as dioxins 
or furans emitted and polluting the atmosphere.

The choice of recycling method depends on the type and properties of the 
post-consumer product. Due to changes in the prices of raw materials and energy, 
limited possibilities of using material recycling, as well as the fact that raw material 
recycling can already be considered cost-effective, the role and importance of this 
form of recycling should increase.

Figure 10. 
Longitudinal section of the KVA Thun [23]. 1-Tipping hall, 2-waste bunker, 3-waste pit ventilation, 4-waste 
crane, 5-feed hopper, 6-ram feeder, 7-hitachi zosen inova grate, 8-ram bottom ash extractor, 9-bottom ash handling, 
10-primary air intake, 11-primary air fan, 12-primary air distribution, 13-secondary air fan, 14-recirculation 
fan, 15-four-pass boiler, 16-boiler, 17-electrostatic precipitator, 18-SCR DeNox with catalyst, 19-economizer, 20-gas/
gas heat exchanger, 21-quench, 22-wet scrubber, 23-fabric filter, 24-inducted draft fan, 25-silencer, 26-emissions 
measurement, 27-stack, 28-ash conveying system, 29-residue silo.

Figure 11. 
KVA Thun facility emission limits [24].
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The thermal methods of waste removal that we can distinguish are as follows: 
combustion, pyrolysis (degassing/gasification), hydrogenation and bios drying. The 
main waste disposal system is of course incineration, which removes waste that is 
unusable and cannot be managed further.

Incineration is intended to make the waste residues neutral to the environment 
and minimize waste gas emissions. It is also important to reduce the volume and use 
the energy generated during combustion.

The industry must also be guided by several important principles related to the 
combustion of precipitation:

• operational safety

• investment value

• land demand

• process efficiency and efficiency.

The pyrolysis process breaks down organic waste under the influence of 
temperature. The product is energy carriers useful for storage. Most combustion 
technologies are still in the testing phase and are being gradually introduced to the 
market in mature forms.

Another thermal process to mention is hydrogenation, which uses refinery waste 
and in some cases plastic waste. However, the goal of the bios drying process is 
the production of alternative fuel from a biodegradable fraction segregated from 
mixed municipal waste. The biological drying process is preceded by separation of 
biodegradable fraction (0–60/80 mm) from mixed municipal waste, followed by 
mechanical treatment of the dried fraction to produce fuel.

4. The thermal waste treatment plant in Krakow (eco-incinerator)

The main objective of this study is to share the art knowledge about the TWTP 
(eco-incinerator) in Krakow, Poland, that has operated since 2016. Description of 
TWTP case study is based on the thermal waste treatment plant in Krakow presen-
tations given in [25–28].

In recent years, waste incineration has been frequently preferred to other waste 
treatment or disposal alternatives due to advantages such as volume reduction, 
chemical toxicity destruction and energy recovery [29].

According to the study by Pfeiffer [30], energy recovery is a secondary goal of 
waste incineration: thermal waste treatment and energy recovery are “married” 
within the waste-to-energy plant [30]. From an economic point of view, a WTE 
plant treating MSW is an enterprise using a special fuel [1].

Thermal waste treatment plant (TWTP) in Krakow (eco-incinerator) is being 
constructed in answer to concepts link economic, ecological and social aspects and 
needs of Krakow as key factor of project “Waste Management Program in Krakow” 
under the Operational Program Infrastructure and Environment 2007–2013 
[27]. On October 31, 2012, a contract was signed with the POSCO Engineering 
and Construction Co., Ltd., South Korean company, for delivery of a TWTP. On 
November 6, 2013 began the construction of the eco-incinerator. The contract 
covered delivery, installation and commissioning the entire electromechanical parts. 
Series of tests at the plant began from December 3, 2015 until June 27, 2016. According 
to [26], the total contract amount (net cost) of the project was approximately PLN 
666 million (approximately PLN 819 million gross). The subsidy from the European 
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Union amounted to approximately PLN 372 million (approximately 55.8% of eli-
gible expenses). The contribution of Krakowskiego Holdingu Komunalnego S.A. 
(KHK) amounted to approximately PLN 294 million and was covered by its own 
resources and a loan from the National Fund for Environmental Protection and Waste 
Management (NFEP & WM). The plant is located in the district Nowa Huta, part of 
the Kraków city. General view and longitudinal section of the TWTP are depicted in 
Figures 12 and 13, respectively [27].

Eco-incinerator allows to process 220,000 tons of municipal waste a year. 
Selected by the inhabitants mixed municipal solid waste (MSW) and other waste 
(e.g., resulting from mechanical processing of municipal waste) and following 
waste recovery processes (i.e., material waste, bulk, rubble) are subject to thermal 
processing. The wastes are collected only from the municipality of Kraków.

The emissions come from TWTP production process meet the requirements of 
the best available techniques (BAT), guaranteeing the highest standards of environ-
mental protection.

Figure 12. 
The thermal waste treatment plant in Krakow [31].

Figure 13. 
Longitudinal section of the TWTP plant in Kraków [32].
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On October 1, 2016, the educational pathway, an integral part of the eco-
incinerator, was launched in the eco-incinerator area with the goal of increasing 
the ecological knowledge of the inhabitants as well as bringing the technology and 
thermal plant operation processes closer to them. This educational pathway is the 
tour throughout the plant, showing the key steps of the system such as delivery and 
unloading of waste into the bunker, the process of thermal conversion of municipal 
waste, the flue gas scrubbing process, the electricity and heat production process 
and the process of managing residue after incineration [27].

4.1 The TWTP-a cost-effective and safe solution

Naturally, very stringent environmental regulations are applied to the process. 
Using BAT, the TWTP in Krakow meets the highest environmental and legal stan-
dards applicable in the European Union. The amount of waste is limited, and thus 
securing energy to the city has increased.

In the line of [27], energy security signifies a prospective condition of meeting 
consumer demand (including the citizens of Krakow) for fuel and energy through 
alternative sources of acquiring gas [27].

4.2 Emission standards

According to [28], the plant is equipped with a state-of-the-art exhaust purifica-
tion system that meets strict emission standards for air.

The exhaust aftertreatment process consists of the following stages:

• Denitrification of exhaust gases

• Flue gas cleaning by means of a semi-dry method

• Dust extraction.

Line 1 Emission value Emission value Emission value Emission limit value

Date 27 July 2019 13 August 2019 20 August 2019 Standards

Dust 1.070 0.990 1.090 30

Hydrogen chloride 0.300 5.500 1.500 60

Hydrogen floride 0.000 0.000 0.055 4

Sulfur dioxide 1.100 19.750 12.900 200

Carbon monoxide 12.200 7.850 6.300 100

Nitric oxide 138.200 127.400 87.500 400

Total organic carbon 0.300 0.300 0.600 20

Line 2

Dust 1.250 1.220 1.060 30

Hydrogen chloride 0.100 0.500 0.300 60

Hydrogen floride 0.000 0.000 0.020 4

Sulfur dioxide 6.150 11.500 0.400 200

Carbon monoxide 18.750 21.900 20.100 100

Nitric oxide 163.400 154.600 114.100 400

Total organic carbon 0.000 0.600 0.400 20
Concentration magnitude 11% content of oxygen in flue gases (mg/m3), on average in 30 minutes in mg/m3.

Table 1. 
Emission values of the TWTP derived from measurements of 27 July and 13 August 2019 [28].
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The emission standards comply with the Ordinance of the Minister of the 
Environment of 4 November 2014 on emission standards for certain types of instal-
lations, sources of fuel combustion and devices for incineration or co-incineration 
of waste (Journal of Laws of 2014, item 1546, including further amendments).

Below you can find in Table 1 [28] a sample of selected emission values derived 
from measurements of 27 July, 13 August and 20 August this year.

As mentioned above, the eco-incinerator was created as a response to the 
ecological and energy needs of Krakow as part of the project “Municipal Waste 
Management Program in Krakow” (TWTP). It is the latest and most important part 
of this system; it enables to utilize municipal waste generated by the inhabitants of 
Krakow and the recovery of energy from it.

The thermal recycling technology is the most mature and environmentally 
esponsible solution to waste. This is confirmed by many years of European experi-
ence in which thermal processing of waste with recovery of energy forms the basis 
of the entire waste management system.

The eco-incinerator allows to process 220,000 tons of municipal waste during 
the year. Approximately 65,000 MWh of electricity and 280,000 MWh of heat are 
produced as a result of the combustion. The energy obtained by way of the thermal 
transformation process is largely organic and renewable [27].

4.3 Green energy factory

The thermal waste treatment plant in Krakow called Green-energy factory [26] 
provides background material for this part.

Concept of the furnace-grate furnace integrated into the boiler.

• Grate incinerator technology

• Boiler—drum-type heat recovery steam generator (HRSG) with natural 
circulation

• Turbine—based on the extraction condensing process [26].

4.4 The TWTP receives

• Municipal solid waste mixed with secondary raw materials separated.

• Combustible ballast from other installations for processing municipal [26].

4.5 Selection of waste, unloading and loading in the combustion chamber

The overall objectives of the TWTP are to increase thermal efficiency and heat 
recovery, as well as reduce emissions through improving and developing a better 
plant characteristics. For this purpose, the wastes are discharged in the unload-
ing hall of the bunker that ensures stocking waste for 5 days. To obtain a uniform 
mixture, which improves incineration efficiency, the waste is mixed together in 
the bunker. Next the waste is mixed together in the bunker, and then the cranes 
equipped with 6-teeth grapple buckets transport mixed waste to feed hoppers 
where it feeds into the loading shaft [25].

In the TWTP were installed radioactive material detectors so as to protect the 
installations against damage. The TWTP also monitors waste delivered for thermal 
processing [26].
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4.6 Facility (TWTP) concept

The concept of the thermal waste treatment process is based on the five follow-
ing steps:

4.6.1 Drying process

Radiation or convection is used for the waste drying in the grate zone. Thanks 
to temperature at approximately 100°C the moisture through evaporation is elimi-
nated [26].

4.6.2 Degassing process

The waste continued heating at above 250°C is used to releases gases (e.g., 
moisture and carbonization gases) [26].

4.6.3 Combustion process

Third grate zone is suitable for waste incineration where loss on ignition is below 
0.5% of the mass share production [26].

4.6.4 Gasification process

This process achieves oxidation volatile products by molecular oxygen. The 
majority of the waste is oxidized at 1000°C in the upper section of the furnace 
chamber [26].

4.6.5 After burning

The carbon dioxide amount in the combustion gases is reduced in the recu-
perative thermal oxidation area. The standard operating procedure used second-
ary air for total incineration for the minimum at 850°C and trough minimum of 
2 seconds [26].

The chosen combustion technology provides in the combustion chamber the 
reduction of CO and NOx, dioxins and furans emission. Produced in this thermal 
waste processing energy is then optimally recovered in a heat recovery steam 
generator (HRSG) integrated with the grate furnace [26].

4.7 Energy recovery process

Using innovative concept, the heat recovery steam generator (HRSG) is based 
on natural circulation of exhaust gases. In the boiler after heat exchange, exhaust 
gases are cooled to approximately 180°C. In the next step, heat is used to convert 
water, via the boiler, into superheated steam. Superheated steam at a pressure of 
40 bar and a temperature of 415°C is supplied to the electricity generation and 
transmission node. The produced electricity is used to drive a set of steam turbines. 
In the last step, the actuated turbine converts mechanical energy into electrical 
energy [26].

According to [26], produced electricity is used (consumed) by the operator; on 
the other hand, energy excess is returned to the grid. Using proven cogeneration 
concept, produced heat is distributed to the municipal heating network [26].
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4.8 Emission treatment process

In line with [26], carbon dioxide, carbon monoxide, sulfur dioxide, oxides of 
nitrogen, steam and unburned or partially burned hydrocarbons are generated 
during the waste combustion process. Pollution may be expressed both in the form 
of gas and dust [26].

Pollution control plays an important role in waste incineration. All existing 
emission limits are complied. Combustion gases pass first to the heat recovery steam 
generator. Next via emission treatment installation are transferred to gas exhaust 
fan and finally are removed to stack.

Procedure of the emission treatment consists of the following steps [26]:

• Exhaust gases denitrification used by primary and secondary methods based 
on the application of the selective nitrogen oxides reduction (SNCR) via the 
injection of aqueous urea solution containing 25% urea by weight.

• Semi-dry method based on the use of lime slurry, together with the dry 
entrained flow method with activated carbon. These methods reduced acidic 
impurities, as well as heavy metals, dust, furans and dioxins.

• Fabric filtration for the effective dedusting exhaust gases by means of fabric 
filtration [26].

Post-processing waste disposal:
According to the [26], by-products created during thermal processing of waste 

are as follows:

• slag and bottom ash

• boiler dust

• fly ash

• solid residues from the emission treatment.

Each residue resulted from thermal waste processing shall be received by 
authorized external entities in accordance with the provisions of the IPPC stan-
dards [26].

5. Conclusions

1. The use of waste as a fuel leads to saving of primary resources and the reduc-
tion of CO2 emissions.

2. From an economics point of view, it is clear that waste incineration is costly for 
society.

3. The use of waste as alternative fuels is carried out in total compliance with 
permits issues by relevant authorities and meets rigorous requirements accord-
ing to EU and national law and regulations as well as according to the IPPC 
Directive.
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Chapter 7

Management of Coal Fly Ash in 
Remediation Process
Markandeya, S.P. Shukla and Devendra Mohan

Abstract

The present research relates to class of adsorbents obtained by systematic 
biopolymer modification of cenospheres transfigured from coal fly ash (CFA): an 
immense waste by-product of coal based thermal power plant, method of prepara-
tion thereof and their use in wastewater treatment contaminated by tanneries, 
distilleries, cosmetics, textiles, plastics, pulp and paper industries, paints, electro-
plating and food processing industries effluents. Removal percentage of disperse 
dyes had better correlated with Langmuir isotherm, tested among Freundlich, 
Temkin and Redlich-Peterson isotherm which indicated saturated monolayer 
attachment of dye molecules onto the surface of adsorbent with maximum 
capacity 500.4 and 500.0 mg/g for Disperse Orange 25 (DO) and Disperse Blue 
79:1 (DB) dyes, respectively. The uptake rate of dye molecules followed pseudo-
second order kinetics in all cases. Recovery of dye molecules was completed best 
in three cycles with acetic acid for CFA and cenospheres, with Di-chloromethane 
for CNAC and in four cycles with non-polar solvent (chloroform) for zeolite and 
CNCH nanocomposite. The used adsorbents could easily be dumped into landfill 
with in concrete pit liming, or can also be used in brick making to minimize the 
environmental risk.

Keywords: cenospheres, coal fly ash, disperse dyes, response surface methodology, 
waste management

1. Introduction

Management of coal fly ash (CFA) at 145 coal based thermal power plants in 
India is a difficult task as large quantity of ash being generated. MoEF & CC had 
fixed the target of 100% utilization of CFA in time bound manner [1]. The aver-
age utilization percentage of CFA in various fields is about 62% only. Remaining 
90 million ton of CFA is disposed into holding ponds, lagoons, landfills and slag 
heaps which not only requires large area of precious land for its disposal but is also 
one of the sources of pollution of both air and water. The utilization of CFA in 
1990s was 40 million ton (3% utilization) annually and about 147 million ton (62% 
utilization) in 2015s [2]. The land for creating ash dyke for ash disposal facilities 
at thermal power plants is becoming difficult to be acquired. Thereby, CFA, if not 
managed well, may pose various environmental challenges.
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2. Methodology

Characterization and batch adsorption study with four modified CFA adsor-
bents has been presented in details (Figure 1).

Legislative council passed a law to eliminate color from their industrial effluent 
before discharging dye-containing effluents into water bodies because dyes have 
synthetic origin and fused complex aromatic structure making them more recalci-
trant to biodegradation [3, 4] (Figure 2).

Adsorption has evolved into one of the most effective and feasible physical 
processes for decolorization of textile and dyeing wastewater [5–7]. Though there 
is no dearth of available adsorbents like activated carbon, economic factors force 
consideration of alternative low cost, eco-friendly and efficient adsorbents which 
are either naturally available or available as waste products from other manufactur-
ing processes and which can be utilized for the treatment of industrial effluents by 
the entrepreneurs of small scale industries in developing countries like India [8, 9]. 

Figure 2. 
Process of dye adsorption.

Figure 1. 
General layout of study design.
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In this backdrop coal fly ash (CFA) has been actively pursued for its decolorizing 
characteristics on textile mill effluents but its relatively lower removal efficiency 
necessitates further modifications. Here the characterization and modification of 
CFA has been done to obtain the best adsorbent and the optimal conditions in which 
its removal efficiency for disperse dyes is maximum. To prove its efficiency, char-
acterization of activated carbon and its comparison with our best found adsorbent 
have also been done [10].

3. Results and discussion

The major elemental leaching of CFA was found to be Fe > Mn > Mg. In the suc-
cessive stages of research, CFA was modified and characterization studies including 
ATR-FTIR, SEM, EDX, XRD, TEM, CILAS and BET were conducted to analyze the 
adsorption potential of each modified form on the basis of its removal efficiency 
studied for both DO and DB dyes. From the obtained results it could be concluded 
that CFA has the potential to adsorb Disperse Orange 25 (DO) and Disperse Blue 
79:1 (DB) dyes with 75 and 71% removal efficiency at optimized conditions and 
this percentage removal increased with each modification [81 and 78% in case of 
cenospheres, 79 and 75% for cenospheres activated carbon (CNAC) composite, 93 
and 88% for zeolite, 90 and 87% for cenospheres chitosan (CNCH) nanocompos-
ite], respectively [10–12] (Figure 3).

More particularly, the synthesized natural polymer syntactic nano-foam adsor-
bent displayed high adsorption capacities towards different class of organic dyes 
(hydrophobic and hydrophilic) via π-π or electrostatic interaction depending upon 
the nature of the dye molecules (Table 1).

In each case, it was found that the percentage removal of DO/DB dye had good 
vibes with Langmuir isotherm, which indicated saturated monolayer attachment 
of dye molecules onto the adsorbent with maximum capacity 1.70 and 1.55 mg/g 
in case of CFA, 33.33 and 32.26 mg/g in case of cenospheres, 90.91 and 83.33 mg/g 

Figure 3. 
Interaction between dye molecules and cross-linked natural polymer syntactic nano-foam.
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in case of CNAC, 125.00 and 109.80 mg/g in case of zeolite and 500.40 and 
500.00 mg/g in case of CNCH nanocomposite for DO/DB dyes, respectively. The 
adsorption of dye molecules followed pseudo-second order kinetics in all cases. 
Thermodynamic study showed that process of adsorption is exothermic in nature. 
Recovery of dyes was completed best in three cycles with acetic acid for CFA and 
cenospheres, with Di-chloromethane for CNAC and in four cycles with non-polar 
solvent (chloroform) for zeolite and CNCH nanocomposite (Table 2).

After completing the analysis on the removal efficiency of each modified form 
of CFA, in the next stage of this work, optimization studies were done. The batch 
optimization process focused on effect of operating variables, such as contact 
time, pH, agitation speed, adsorbent dose and dye concentration using RSM with 
BBD. Furthermore, interactions among various parameters were investigated 
by applying RSM. In case of zeolite, related R2 values of 0.9102 and 0.9038 were 
obtained for DO and DB dyes respectively. Optimum results indicated that 119 min 
of contact time was required to achieve 96% of DO dye removal at zeolite dose 
0.67 g/L, dye concentration of 38 mg/L and shaking speed of 158 rpm at pH 6.10. 
Whereas, 95.23% of DB dye removal was found at contact time of 122 min, 
adsorbent dose of 1.05 g/L, dye concentration of 26.72 mg/L, agitation speed of 
145 rpm and pH of 5.68. Regression modeling and ANOVA showed contact time, 
adsorbent dose, dye concentration, agitation speed and pH have values of ‘Prob. 
>F’< 0.0500, which indicated that model terms were significant for adsorption of 
the dyes. For CNCH nanocomposites, F-values 19.91 and 19.26 for DO and DB dyes 
have a low probability value (Prob. >F < 0.0001), which indicate model terms are 
symbolic. The high R2 value for DO (0.9409) and DB (0.9391) also showed signifi-
cance of applied model. The maximum percentage removal of dyes was found to 
be 97.30% (DO) and 94.22% (DB). From the optimization studies, it could safely 
be concluded that both zeolite and CNCH nanocomposite had high potential as 
an efficient, eco-friendly and economic adsorbent for dye removal from aqueous 
solutions.

4. Conclusion

Comparing the results of the characterization and optimization studies, it could 
be concluded that CNCH nanocomposite was a better adsorbent than all the other 
modified and native form of CFA. To validate the result, CNCH nanocomposite was 
compared with the most widely used commercial adsorbent i.e., activated carbon. 
Results concluded that adsorption capacity of our best found adsorbent was more 
than two times of activated carbon. To further vindicate the claim that CNCH nano-
composite had high potential as an efficient, eco-friendly and economic adsorbent, 

Adsorbents DO dye (%) DB dye (%) Solvents

Coal fly ash (CFA) 46 39 Acetic acid

Cenospheres 48 43 Acetic acid

Cenospheres activated (CNAC) composite 59 54 Di-chloromethane

Zeolite 46 41 Chloroform

Cenospheres chitosan (CNCH) nanocomposite 47 41 Chloroform

Activated carbon 48 41 Acetic acid

Table 2. 
Recovery and reusability of various adsorbents.
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cenospheres, with Di-chloromethane for CNAC and in four cycles with non-polar 
solvent (chloroform) for zeolite and CNCH nanocomposite (Table 2).

After completing the analysis on the removal efficiency of each modified form 
of CFA, in the next stage of this work, optimization studies were done. The batch 
optimization process focused on effect of operating variables, such as contact 
time, pH, agitation speed, adsorbent dose and dye concentration using RSM with 
BBD. Furthermore, interactions among various parameters were investigated 
by applying RSM. In case of zeolite, related R2 values of 0.9102 and 0.9038 were 
obtained for DO and DB dyes respectively. Optimum results indicated that 119 min 
of contact time was required to achieve 96% of DO dye removal at zeolite dose 
0.67 g/L, dye concentration of 38 mg/L and shaking speed of 158 rpm at pH 6.10. 
Whereas, 95.23% of DB dye removal was found at contact time of 122 min, 
adsorbent dose of 1.05 g/L, dye concentration of 26.72 mg/L, agitation speed of 
145 rpm and pH of 5.68. Regression modeling and ANOVA showed contact time, 
adsorbent dose, dye concentration, agitation speed and pH have values of ‘Prob. 
>F’< 0.0500, which indicated that model terms were significant for adsorption of 
the dyes. For CNCH nanocomposites, F-values 19.91 and 19.26 for DO and DB dyes 
have a low probability value (Prob. >F < 0.0001), which indicate model terms are 
symbolic. The high R2 value for DO (0.9409) and DB (0.9391) also showed signifi-
cance of applied model. The maximum percentage removal of dyes was found to 
be 97.30% (DO) and 94.22% (DB). From the optimization studies, it could safely 
be concluded that both zeolite and CNCH nanocomposite had high potential as 
an efficient, eco-friendly and economic adsorbent for dye removal from aqueous 
solutions.

4. Conclusion

Comparing the results of the characterization and optimization studies, it could 
be concluded that CNCH nanocomposite was a better adsorbent than all the other 
modified and native form of CFA. To validate the result, CNCH nanocomposite was 
compared with the most widely used commercial adsorbent i.e., activated carbon. 
Results concluded that adsorption capacity of our best found adsorbent was more 
than two times of activated carbon. To further vindicate the claim that CNCH nano-
composite had high potential as an efficient, eco-friendly and economic adsorbent, 

Adsorbents DO dye (%) DB dye (%) Solvents

Coal fly ash (CFA) 46 39 Acetic acid
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Cenospheres activated (CNAC) composite 59 54 Di-chloromethane

Zeolite 46 41 Chloroform

Cenospheres chitosan (CNCH) nanocomposite 47 41 Chloroform

Activated carbon 48 41 Acetic acid

Table 2. 
Recovery and reusability of various adsorbents.



Innovation in Global Green Technologies 2020

118

Author details

Markandeya1*, S.P. Shukla2,3 and Devendra Mohan1

1 Department of Civil Engineering, Indian Institute of Technology-BHU, Varanasi, 
India

2 Department of Civil Engineering, Institute of Engineering and Technology, 
Lucknow, India

3 Rajkiya Engineering College, Banda, India

*Address all correspondence to: mktiwariiet@gmail.com;  
markandeya.civ@iitbhu.ac.in

it was used for the color removal from textile mill effluent. The adsorbent showed 
excellent removal efficiency and it was found that physico-chemical parameters also 
reduced after treatment of effluent. The effect of pH revealed that all the adsor-
bents produced good results at pH 6 implying that there was no requirement of any 
special acidic or basic chemical for dye removal. This pH 6 also falls within the limit 
of pH 5.5–9.0, i.e., industrial effluent discharge limit into the inland surface water 
as mandated by CPCB. Results also suggest that above CFA based adsorbents could 
be suitably used as alternative and effective resource materials as compared to the 
expensive commercial adsorbents for the removal of DO and DB dyes from colored 
effluents. The used adsorbents could easily be dumped into landfill with liming, in 
concrete pits or can also be used in brick making to minimize the environmental 
risk. The present work is also a forward step in reducing the pollution load by utili-
zation of waste products in an eco-friendly manner to effectuate the goal of Agenda 
21 and the Rio Declaration on Environment and Development.
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Circular Economy: The Strategies 
to Global Business Economics
Woodrow W. Clark II and Danilo Bonato

Abstract

Economics needs to change from being a linear theory into being circular 
because of the need to be more scientific due to the use of both quantitative and 
qualitative, which reflects science in theory and practice. The application of circular 
economics to businesses, both in existing and new entrepreneurship, provides a 
construct way to address, change and reverse climate problems.

Keywords: climate, qualitative, quantitative, economics, science, theory, practice

1. Overview

Europe and the whole world are facing several pressing issues concerning 
climate change, the environment, society and the economy, which are crucial to 
the quality of life. The Circular Economy (CE) is the answer to some of the main 
challenges of our time. It helps today to preserve resources that are increasingly 
scarce and subject to greater than ever, environmental pressure. It boosts Europe’s 
economy and competitiveness, by generating new business opportunities as well as 
innovative and more efficient ways of producing and consuming. It brings local jobs 
and creates opportunities for social integration and cohesion. And even finds an 
answer to the terror of the fanatics: provide desperate people with viable, safe and 
strong future for their families and children.

2. The European Union: Horizon 2020

For these reasons, in 2013 the European Commission launched a new and com-
prehensive research and innovation program called Horizon 2020 which will have 
to introduce a more focused approach to concrete solutions to climate change and 
environmental challenges. The European Union Circular Economy is a long-awaited 
package that will play a key role in supporting this transition to the future, today, 
by providing a clear message to the industry and society on the pathway forward. 
The package drives investments and creates a level playing field, removing obstacles 
stemming from European legislation, deepening the single market, and providing 
favorable conditions for innovation. Experts agree that it is of particular importance 
that this program is not only convincing from the point of view of research, but that 
it is also relevant in terms of contribution to the achievement of the objectives of 
the European Union, including prosperity, quality of life, sustainability, growth and 
employment.
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One of the main objectives of Horizon 2020 is to position Europe as leader in the 
development of a “circular” and “green” economy, based on the concept of sustain-
ability: at this particular moment in time the EU must strengthen its international 
competitiveness through the productivity of resources and the improvement of 
the capacity to provide the world with low environmental impact technologies and 
services, oriented towards an efficient use of resources.

This is therefore an epochal change that must move us away from the conven-
tional neo-classical economy of Adam Smith as Clark and Fast documented and 
established in their first book, Qualitative Economics [1, 2] that includes other 
aspects in our development models as well as the “market”.

The chart below shows how the Circular Economy works, and has been working 
in different countries and communities already (Figure 1).

The European Union (and the world) is facing a series of systemic crises 
affecting the environment, natural resources, economic and social aspects, with 
very critical implications such as population growth, conflicts and wars. To 
address these systemic challenges successfully, we need eco-innovative solu-
tions, capable of transforming economies and making the lifestyle of European 
citizens more sustainable as Clark and Cook documented in their book on 
The Green Industrial Revolution (English 2015 and Mandarin 2014) as well as 
others about the technological, science, public policy and economic solutions to 
climate change.

3. China: green development

The “disruptive green revolution” (GIR) as “green development” in China has 
already begun in Europe and is now penetrating China and other parts of Asia.

For example, on 16 July 2018, China and the EU signed a MOU on working together 
with Circular Economics. Then in late fall 2018, a report was done and released 
for China to plan and work in this area as a key part of the Chinese Plan for Green 
Development and a New Silk road starting from east coast of China [3] (Figure 2).

We need a solid systemic eco-innovation, inserted in a broader perspective that 
considers all the innovative solutions able to contribute to the development of the 
three fundamental “axes” of sustainability: economic, social and environmental.

Figure 1. 
Danilo Bonato.
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From this point of view, the circular economy is the most effective approach in 
terms of the model of development and has recently become the strategic reference 
areas for ALL the EU countries and also thanks to the commitment of the Belgian 
Presidency of the Council of the Union European Union (Flemish Environment 
Minister Joke Schauvliege).

Signed on 16 July 2018 as: “The signing of an agreement on Circular Economy 
(CE) by the world’s two largest economies that could soon accelerate adoption of 
circular economy practices at a global scale, creating potential for a ‘system shift’ 
towards a low carbon, regenerative economy.” The next step was for the a new 
analysis on CE by the Ellen MacArthur Foundation, to be published in December 
2019 that finds that a transition to a Circular Economy in China’s cities could make 
goods and services more affordable for citizens, and reduce the impacts normally 
associated with middle class lifestyles, such as traffic congestion and air pollution.

4. Ellen MacArthur Foundation report

The Report was released in December 2018 and done by Arup Corporation (as 
noted below from its Cover) who are located in the EU and a long-time involved 
science, technology, engineering and economics company for many regions, nations 
and cities around the world [4, 5] (Figure 3).

One of the critical tasks of the Circular Economy package is the development of 
innovative product requirements under the Eco-design directive, such as durability 
and recyclability. In this respect, it is very likely that the Commission will adopt 
a proposal to differentiate fees by producers in Extended Producer Responsibility 
schemes according to the real end-of-life costs and recyclability of their products.

As part of the regular reviews of BAT (Best Available Techniques), the circular 
economy package should also include guidance on best waste management and 

Figure 2. 
Wikipedia: Shanghai, China.
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Figure 2. 
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resource efficiency practices for production processes in industrial sectors, improv-
ing the uptake of the European Eco-Management and Audit Scheme (EMAS) and 
the environmental technology verification system as well as methods to evaluate 
and make decisions on products (health, environment and nature ingredients and 
more) such as “earth accounting” has started to do within the circular economy 
paradigm (http://wwwearthaccounting.com).

What is critical now is that China sees the CE as part of its move into The Next 
Economics [6] due to Qualitative Economics (2008 and now 2019) playing a signifi-
cant role in how economics works and should work (Figure 4).

The reference models underlying the circular economy stem from the collabora-
tion between the industrial design strategist, William McDonough (Cradle to Cradle 
(C2C)) and the German chemist Michael Braungart, both collaborators of the Ellen 
MacArthur Foundation.

One of the key priorities for Europe in the circular economy is that of resource 
efficiency and waste reduction (Zero Waste Strategy). In this field several stakehold-
ers are active, such as Remedia, the collective system of manufacturers of electrical 

Figure 3. 
Copyright: Ellen MacArthur Foundation.
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and electronic equipment that is developing a long-term vision to fully exploit the 
potential of secondary raw materials and to increase the innovation capacity of the 
recycling sector in the EU [7].

There is also an absolute need to improve the awareness of European industry in 
terms of access to critical raw materials, thanks to a closer monitoring of the global 
markets of non-energy resources. Too many companies ignore the fact that their 
products are threatened by the risk of future, reliable and fair supply, of strategic 
resources.

5. Economics must be both Qualitative and Quantitative

When economics is referred to as a science, it must act and perform as science 
which is both qualitative and quantitative. There are two critical factors to follow:

a. Economic importance: This analysis is obtained by evaluating the share of each 
material associated with macro industrial sectors at European level. These quo-
tas are therefore related to the gross value added of the macro sectors compared 
to the GDP of the EU. The value obtained is then evaluated on the basis of the 
total EU GDP in order to define an index of global economic importance for a 
given material.

b. Supply risk: The World governance indicator (Wgi) is used to measure this risk. 
This indicator takes into account a very wide variety of criteria, such as levels 
of responsibility, political stability, absence of violence, government effective-
ness, quality of legislation, rule of law and control of corruption.

Minerals and critical metals are essential for environmental technologies such 
as solar photovoltaics, wind power, lighting and for low-carbon electric vehicle 

Figure 4. 
Ellen MacArthur Foundation plan.
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industries. Interruptions in the supply chain in times of crisis can be dramatic from 
the environmental, social and economic point of view. This is the main reason why 
there is a need for a global framework in terms of access to raw materials, capable of 
overcoming the traditional neoclassical model of supply and demand.

While the science of chemistry is important, the issue is to be able to recycle and 
reuse the plastic that is made and used for bottles, packaging and more. Now, the 
plastic can be gathered from reusable products that provide a resource from which 
to make new products (Figure 5).

In a circular economy, buildings would be modular, durable, and flexible. The 
benefits of digitizing the built environment would go beyond improving energy 
efficiency and enhance productivity overall. Embracing a circular built environ-
ment would reshape both asset utilization and material management in the sector. 
Inhabitants would enjoy better indoor and outdoor air quality.

The qualitative leap can only be made if we know how to acquire in-depth 
knowledge about the availability of secondary raw materials. It is also necessary that 
the actors of the system (raw materials industry, end users, institutions, companies 
and consumers) collaborate closely to achieve common reuse and recycling targets 
along the entire production and distribution chain. In this way consumers will 
know exactly what they are buying and the impacts and potential for re-use and 
recycling of the products they have chosen.

Moreover, collection systems are still too expensive and inefficient which does 
not help industrial companies to abandon the traditional production systems based 
on the linear (flat economic) transformation of materials into products and their 
disposal once they are consumed. Therefore, the Commission is considering the 
possibility of introducing further simplifications to promote increased efficiency 
of collection systems through the circular economy paradigm. Hence by integrating 
these systems with the upstream industries that make use of recycled components 
and raw materials from products entering, the end of their life stage can be profit-
ably met as well as protecting the environment (Figure 6).

Figure 5. 
Copyright: Ellen MacArthur Foundation.
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Many modern products, especially those of high-tech media and those that 
transit the web and social networks are truly global, from their creation to dis-
tribution and sales. Tools like Netflix, YouTube, Facebook and other forms of 
communication must be part of a circular economy model that directs towards the 
reuse and recycling of products in order to create new ones. The whole process can 
and must be improved.

6. Conclusion as next steps

Success will only be seen when we are able to achieve a series of improvements 
over access to and availability of raw materials, with sustainable resource man-
agement within a greener, more circular economy and global eco-innovations in 
technology both in commercial practices to meet the growing demand and ensure 
the needs in terms of raw material supply. This effort should also lead to changes 
in behavior that are more consistent with consumers’ sustainable use of raw 
materials.

The dynamics linked to the circular economy can thus be transformed into a 
solid pillar of the growth strategy of the European Union. The world of industry, 
in collaboration with governments, must work to address social environmental 

Figure 6. 
Copyright: Ellen MacArthur Foundation.
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challenges and generate concrete benefits for individuals and their communities, 
especially for families and relatives today which is tomorrow now.

Above all, Circular Economics is global, and is NOT based on supply and 
demand. Nations, regions, cities and communities all need to be joined together 
as they: (1) work to reverse climate change, (2) create new business models and 
systems, (3) develop new areas of work, business and family, and (4) create areas 
that are needed now and into the future for ALL people around the world.
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Chapter 9

Green Technology Innovations
Development in China: Trend
and Application
Xiaodong Lai

Abstract

This chapter aims to explore what subjects have been addressed in green tech-
nology innovation (GTI) in China and initiate a journey for the next generation of
sustainable-oriented research. Thus, the work examined the literatures enlisted in
the database of China National Knowledge Infrastructure (CNKI) on the topics of
GTI from 1994 to 2019. Some critical discussion and conclusion are sighted as
follows: (1) the research of GTI in China is getting mature compared to the energy-
innovation related topics and the researches 10 years ago. It is becoming a domi-
nated research subject. (2) The qualitative publications dominates the researches,
the empirical researches are in a shortage. (3) The research subjects are multi-
perspective and multi-disciplinary, covering environment science, management,
energy and fuels, economics and social behavior. New vibrancy of advanced theo-
retical and methodological research is particularly needed. (4) The trend of green
technology research appears an interdisciplinary research with the themes related to
environmental subject, science technology, business economics, engineering and
energy & fuels. (5) Different policy implementations have different effects due to
the cost structure and maturity of renewable energy. (6) GTI cannot be isolated
from the policy or regulation regime, and is becoming a new underpin of current
sustainable development in China.

Keywords: green technology innovation, technology innovation, management,
sustainable development

1. Introduction

The global warming, frequent natural disasters and resource shortage occurred
in the twenty-one centuries are forcing people to excogitate a new way to save our
earth. Many countries are focusing on the development of low carbon economy or
green economy. The development with green technology innovation orientation
and policy regulation to drive an energy evolution and the establishment of a new
economy development with less GHG emission are acknowledged to prolong the
climate change [1].

In order to understand the past, present and future with regard to the technol-
ogy innovation in green research and practice in China, a typical emerging country
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in Asia, this chapter took the source of primary database of China National Knowl-
edge Infrastructure (CNKI)1 as a particular intellectual domain for analysis. The
purpose of this article tries to provide with facts that help researchers and practi-
tioners understand what issues or subjects have been addressed in green technology
innovation and anchor the trends for the next generation of sustainable-oriented
research.

The remaining parts of this article are divided into four sections. In section two,
the methodology and search selection are presented. In the third section, the analy-
sis of the literatures by classifying them into different types is conducted. In the
fourth section, an extensive detail study on the international research themes of
green technology innovation is presented, and to a further step. A brief discussion
with conclusion is given in the last section.

2. Methodology and search criterion

Through our exploration of the literature reviews within the domain of social
energy system and sustainable development, we found that the literature review
from the perspective of low carbon-oriented green technology is very few [2].
Carbon emission problem is becoming a serious issue right now, which is threaten-
ing the welfare of human beings. The research on carbon emission problems is being
the mainstream in the existing green technology research. Therefore, this paper
continue the research exploration as paper [2] but focus on the development trend
in China to further invest the research status of green technology innovation after
10 years.

This article employs a methodology to reviewing the articles cited in the data-
bases “CNKI” with “green technology innovation” as the “topic.” The earliest
published article related to green technology innovation topic appeared in 1994 [3].
By pulling all the articles from 1994 to 2019, 2014 articles are identified that fell
within the domain of our topic “green technology innovation”. Eleven overlapped
article has been omitted, we has an overall glanced over for all the retrieved publi-
cations, and removed the reports, notices, announcements, conference summaries,
exclusive interview, laws or regulation introductions and some researches with no
green technology innovation involved, we also deleted some anonymous researches
or some companies’ green technology introductions. In addition, by scanning the
titles and the abstracts of each article published from 1994 to 2019 and using related
keywords for double review, it was found that 1348 articles mainly focus on our
themes of “green technology innovation”, thus, 1348 articles are kept as the
research sample. Considering the searching engine objective problem, some articles
with such subject may not 100% be retrieved, Therefore, this paper modestly
believed that this approach was likely to have presented nearly every related article
in these two databases.

It should be noted that, we cannot possibly provide a truly comprehensive review
for all the articles, especially for those in a particular research field, e.g. chemistry and

1 CNKI: CNKI project started with an e-journal product and later further expand the product line to
cover newspapers, dissertations, proceedings, yearbooks and reference works and etc. CNKI is a symbol

of Chinese e-publishing industry, which greatly boosted the Chinese library systems to go digital and

helped researchers with their work. So far CNKI academic databases have been serving more than 5500

universities, public and corporate libraries, hospitals and other institutions inside and outside of China.
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eco-biology field. However, we do feel that many of the interesting insights arise
through a detailed review of these articles. In our research we organized the articles
with six different approaches by (1) period sequence, (2) research methods, (3)
research level, (4) research subjects, (5) keywords cluster, (6) Institution, (7) Foun-
dation, and (8) themes of articles (this is separately analyzed in the fourth section).

With the above approaches used in this article, this paper is trying to propose an
indication of the trend of green technology research and help the readers to under-
stand the milestone throughout the development of green technology innovation. It
can also serve the on-site practitioners to understand the research trend in China.

3. Overview of the literatures from the database of CNKI

3.1 Publications classified by period sequence

Firstly, the raw data retrieved from the database of CNKI with timelines and
publication quantity shown in Table 1 and made a time series bar graph in Figure 1.
It shows the yearly publication distribution in the field of green technology innova-
tion each year. Obviously, in the period from 1994 to 2000, there were a few articles
related to green technology innovation published internationally. Only 50 articles
appeared per our review. However, in the period from 2001 to 2005, it was 176
articles, three times more than the previous. Late on, in the period of 2006–2010, a
dramatic increase of information consisting of 251 articles, it remains a steady
publication increase as well as green concept are recognized by the public, and the
QTY increased by 922 publications in the period of 2011–2019 as of 7-31-2019.

It can be seen from the above trends that the academic field is paying more and
more attention to the innovation of green technologies. It indicates that the new
research areas of green technology innovation mainly focus on technology devel-
opment and model innovation. The new trend that focuses on technology develop-
ment represents the new requirements of the modern society for the innovation
level, that is, the hard demand for new technology development to improve the
relevant industry benefits. The combination of academic research and social
production is more closely integrated.

3.2 Publications classified by research method

A further review of these articles from the research method perspective was
conducted. Referring to the literature of Shi and Lai [2], we divided the research
methods into four categories: conceptual, model, empirical and qualitative methods.
Here we only explore the articles cited in databases “CNKI” and selected the high
cited articles and hot articles from them. In this way we got 1346 articles for
analyzing. Table 2 and Figure 2 shows the distributions of those articles across
conceptual, model, empirical and qualitative methods in every 5 years and the total
quantity from 1994 to 2019 per each method. It can be seen that the model articles
have gained 18% and the empirical articles have gained 15%. While the conceptual
account for 49%, and the qualitative method occupies 18%, both achieve 67%. It
indicates that the green technology innovation in China is still at a developing stage
and the method of model and empirical are not adequate. It needs to encourage
researchers to use data and models for better illustrating the relationship between
elements in order to adapt to the needs of green technology development.
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eco-biology field. However, we do feel that many of the interesting insights arise
through a detailed review of these articles. In our research we organized the articles
with six different approaches by (1) period sequence, (2) research methods, (3)
research level, (4) research subjects, (5) keywords cluster, (6) Institution, (7) Foun-
dation, and (8) themes of articles (this is separately analyzed in the fourth section).

With the above approaches used in this article, this paper is trying to propose an
indication of the trend of green technology research and help the readers to under-
stand the milestone throughout the development of green technology innovation. It
can also serve the on-site practitioners to understand the research trend in China.

3. Overview of the literatures from the database of CNKI

3.1 Publications classified by period sequence

Firstly, the raw data retrieved from the database of CNKI with timelines and
publication quantity shown in Table 1 and made a time series bar graph in Figure 1.
It shows the yearly publication distribution in the field of green technology innova-
tion each year. Obviously, in the period from 1994 to 2000, there were a few articles
related to green technology innovation published internationally. Only 50 articles
appeared per our review. However, in the period from 2001 to 2005, it was 176
articles, three times more than the previous. Late on, in the period of 2006–2010, a
dramatic increase of information consisting of 251 articles, it remains a steady
publication increase as well as green concept are recognized by the public, and the
QTY increased by 922 publications in the period of 2011–2019 as of 7-31-2019.

It can be seen from the above trends that the academic field is paying more and
more attention to the innovation of green technologies. It indicates that the new
research areas of green technology innovation mainly focus on technology devel-
opment and model innovation. The new trend that focuses on technology develop-
ment represents the new requirements of the modern society for the innovation
level, that is, the hard demand for new technology development to improve the
relevant industry benefits. The combination of academic research and social
production is more closely integrated.

3.2 Publications classified by research method

A further review of these articles from the research method perspective was
conducted. Referring to the literature of Shi and Lai [2], we divided the research
methods into four categories: conceptual, model, empirical and qualitative methods.
Here we only explore the articles cited in databases “CNKI” and selected the high
cited articles and hot articles from them. In this way we got 1346 articles for
analyzing. Table 2 and Figure 2 shows the distributions of those articles across
conceptual, model, empirical and qualitative methods in every 5 years and the total
quantity from 1994 to 2019 per each method. It can be seen that the model articles
have gained 18% and the empirical articles have gained 15%. While the conceptual
account for 49%, and the qualitative method occupies 18%, both achieve 67%. It
indicates that the green technology innovation in China is still at a developing stage
and the method of model and empirical are not adequate. It needs to encourage
researchers to use data and models for better illustrating the relationship between
elements in order to adapt to the needs of green technology development.
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In fact, the model method can help apply the technology innovation influence on
practice. The most representative publication using formal model method is Zhang
and Zhu [4], the paper chooses productivity of resources and environment loads as
output variables, and develops an empirical study using four-stage DEA model to
analyze technological innovation efficiency of industrial enterprises, result suggest
that the environmental factors are conductive to the technological innovation effi-
ciency. It has been cited more than 162 times as of July 31, 2019. The other four
publications with higher citation are Xu et al. [5] (109 times citation), Zhang and
Qiu [6] (85 times citation), Qian et al. [7] (74 times citation) and Luo and Liang [8]
(68 times citation).

Figure 1.
Literatures on green technology innovation publication status from 1994 to 2019.

Types 1994–1998 1999–2003 2004–2008 2009–2013 2014–2019 Total Rate

Empirical 1 2 10 35 154 202 15%

Qualitative 6 17 40 75 109 247 18%

Conceptual 26 86 188 149 210 659 49%

Model 1 6 8 35 188 238 18%

Sub-total 34 111 246 294 661 1346

Table 2.
Percentage distribution of literatures by research methods in every 5 years.

Figure 2.
Percentage distribution of literatures by research methods.
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The empirical research method is a powerful way to analyze the relation of
different factor. For instance, Li. et al. [9] uses none radial and none angle SBM
efficiency measurement model considering the undesirable outputs, combined with
the ML productivity index to measure the efficiency of green technology and green
total factor productivity of industry, which gains 283 times citation as of July 31,
2019, which is the highest citation publication so far. Another three authors [10] use
empirical research method to analyze the relationship among market demand,
green product innovation, and firm performance. In addition to technology adop-
tion and field experiments in different industries, the empirical method is used to
research the impact of low carbon technology policies and the application of low
carbon technology in the market. There are four typical representative publications
with higher citation (over 60-time citation), namely, Chen [11] (111 times citation).
Chen et al. [12] (86 times citation), Li, et al. [13] (76 times citation) and Wang and
Zhu [14] (64 times citation).

The qualitative research of green technology innovation focuses on the technol-
ogy introduction, adoption and green path discussion. For example, Guo [15], a
literature with more than 125 times citation as of the end of July, it believed that
ecological industrial park is a concrete path to the realization of the sustainable
development of industry economy and the most ideal model to realize the sustain-
able development of whole society. Dai and Liu [16] thought that green innovation
in China sustainable development need the driving forces from demand, institution
and technology innovation, an environmental innovation system from national
perspective is needed. It gains 93 times citation as of July 31, 2019, the other
representative articles are Wu and Yang [17], Chen [18] and Hua [19].

The research employed a conceptual method to introduce green technology
concept from different perspectives such as innovation concept, new technology
application, policy and etc. For example, the representative authors Qin and Yang
[20] introduced Xi JinPing’s theory of green development on the basis of the
worldwide trend of green growth. It includes the following aspects: transforming
the economic development mode poses the premise to realize the green growth;
developing recycling economy is an important means of promoting it; improving
green technology offers technical support for it; handling with the relation between
developing economy and protecting ecological environment is a basic requirement
for promoting it; advocating green consumption is the important way to promote it;
improving the living environment for the people is the ultimate goal for China to
choose it. Xi’s thought of green growth is of great theoretical and realistic signifi-
cance for China green development. As of July 31, 2019, this article gains more than
106-time citation. Zhong and Wang [21] thought that green technology innovation
is an effective method to resolve the contradictions between enterprise economic
development and environmental deterioration, and proposed related recommenda-
tion on the establishment of green technology innovation system, this article has
been cited with more than 97 times as of 2019. Another two outstanding represen-
tative articles are Xu and Wang [22], Zhao [23], these articles introduce the latest
development in green technology innovation.

From above analysis, we can see the green technology innovation in China is still
under development stage, the conceptual and qualitative methods researches dom-
inate in quantity for quite some time, while the model and empirical researches
need more practice and employment.

3.3 Publications classified by research level

We reviewed all the articles’ main contents based on the abstract descriptions.
For the analysis purpose, we took the research level code scheme based on
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Schumpeter’s micro-meso-macroeconomics definition [24], and classified the
research level as “macroscopic, mesoscopic and microscopical”. For the articles
regarding policies, regulations, national mechanism, national ecosystem, global
comparison, concepts and sustainable development etc., we coded them as a mac-
roscopic level. While for the articles involved with the country or territory’s econ-
omy development, the country or territory’s technology adoption and diffusion,
national policy or technology promotion, regional economic development or tech-
nology adoption, and etc., we coded them as the mesoscopic level. For the articles
involved with concept, basic research, product design, risk management, empirical
research, models, entrepreneurship innovation, and technology innovation capabil-
ity, we coded them as the microscopical level.

Figure 3 shows the distribution of the different research levels, macroscopic
research level gains 54%, the research related to national policies, including the
impact of different policies on different technological innovations, the assistance of
policies to renewable energy technologies entering the market and so on, are all
gained much attention by the Chinese scholars. The top five cited articles of this
level are Guo [11], Zhao [25], Chen [18], Zhou [26], Li and Yang [27] mesoscopic
research level are keeps 11%, the themes related to the impact of green revolution
on industry and territory, including the acceptance of green economy and new
technologies in society, the efficiency of new technologies in some industries and so
on. For example, Lin et al. [28] analyzed the green technology innovation efficiency
of China’s manufacturing industries. Wang et al. [29] discussed the green develop-
ment strategy in Peal River Delta of China, and Luo and Liang [8] studied the
regional industrial enterprises green technology innovation efficiency and factors
decode. You and Wang [30] verified the environmental regulation effectiveness on
R&D bias of strengthening the green technology.

Microscopic research level are keeps 35%, this phenomenon reflects that current
researches still focused on specific and concrete aspects, especially the technology
innovation and most of them are about the application of new technology in the
firms and environmental improvement. Most of the articles in microscopical
level are about the inventions of new technology and method, including the
technique of detecting chemical substances, improvements in technologies and
so on. Typical representative articles are Wang et al. [31], Wang and Li [32],
Zhang and Li [33], etc.

Figure 3.
Literatures on green technology classified by research level.
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3.4 Publications classified by research subject area

We classified these 1346 articles per research subjects. Based on the original
analysis chart downloaded from the CNKI data base, it has total 32 research subjects
involved with green technologies. Some of the articles are multidisciplinary, for
example, Cao and Zhang [34], Li [35], Zhang et al. [36], Zhang et al. [33]. In order
to have a better understanding about the actual classification, we consolidated the
overlapped research subjects. For the subject with one article, we put it into the
“others” portion for the subject with less than 10 publications, we simplified and
showed them in Table 3.

From Table 3, it can be seen that the distribution of research subject are: green
technology innovation (301 articles, 21.41%), enterprise management (183 articles,
13.02%), green technology (111 articles, 7.89%), technology innovation (75
articles, 5.33%), sustainable development (72 articles, 5.12%), green innovation
(70 articles, 4.98%), China (64 articles, 4.55%), sustainable/green consumption
(58 articles, 4.13%), environmental regulation (55 articles, 3.91%), green develop-
ment (51 articles, 3.63%). The rest of the articles’ distribution is shown in Table 3.

The trend of green technology research appears an interdisciplinary research
with the topics related to environmental subject, science technology, business eco-
nomics, engineering and energy & fuels, which are accounting for 83% of the total.
It is worth mentioning that the research articles of the top two areas–environmental
sciences ecology and business economics are much more compared with other
industries, the top five areas in the review of paper [2] is about for 67% of the total.
In a word, the trend in the interdisciplinary field remains unchanged but with the
increase in social participation, it is relatively concentrated in several subject areas
(Figure 4).

Subject QTY Rate of 1346
(%)

Subject Qty Rate of
1346

Green technology
innovation

301 21.41 Ecological civilization 39 2.77

Enterprise Management 183 13.02 Green building 25 1.78

Green technology 111 7.89 Green industry system
engineering

22 1.56

Technology innovation 75 5.33 Greenization 22 1.56

Sustainable development 72 5.12 Green construction 20 1.42

Green innovation 70 4.98 Environmentally conscious
products

19 1.35

China 64 4.55 Green barrier 18 1.28

Sustainable/green
consumption

58 4.13 Fiscal management 18 1.28

Environmental regulation 55 3.91 Green transformation 17 1.21

Green development 51 3.63 Influence factor 15 1.07

Ecological or green
economy

51 3.63 Green marketing 15 1.07

Circular economy 46 3.27 Others 39 2.77

Table 3.
Literatures on green technology classified by research subject.
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3.5 Publications classified by keywords cluster

Based on the above research subject area, we seek further at the research trajec-
tory of scholars from keywords cluster. Firstly, we searched core journals with the
theme of “green technology innovation” in CNKI database and found 2014 relevant
literatures2. Then, we imported the data into Citespace for keyword co-occurrence
analysis, obtained the atlas, and sorted the keyword frequency into a table. As can
be seen from Figure 5 the keywords with high frequency are “Innovation”, “Tech-
nology”, “Policy”, “Sustainability”, “System”, “Performance”, “Management”,
“Energy”, “Climate change”, “Model” etc. We decided to further analyze them.

Technological innovation-related keywords gain highest occurrence frequency.
In recent years, energy shortage, climate change, environmental degradation, green
economy, low carbon and other phenomena have made people more aware of the

Figure 4.
Literatures on green technology classified by research subject.

Figure 5.
Keywords cluster with occurrence frequency.

2 Here, the authors didn’t screen the publication as above mentioned 1346 article.
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importance of sustainable development, and technological innovation is an impor-
tant driving force for sustainable development. Chinese government conducted
various policies and adjusted industrial structures to promote green innovative
development of technologies, management and institutions, improve the efficiency
of energy consumption, and support green innovative activities. For example, the
renewable energies [37] like new energy [38, 39] biotechnology, solar energy, water
and other green energy, the green innovations in process control, workmanship
[40, 41] or construction method [42], those are the key areas for our researcher to
explore and develop.

3.6 Publications classified by institution

We categorized the 1346 publications according the institution/organizations
with a time series. Related results are shown in Figure 6, it can be seen that the top
institution is Zhejiang University who gains 36 articles, the second one is HUST
(Huazhong Science and Technology) with 35 articles, then Northeastern University,
Harbin Engineering University of Science and Technology and Kunming University
of Science and Technology. There are 30 institutions total with above 10 articles
contribution, and most of the institutions are science and technological universities
or comprehensive universities with technological and environmental subjects.
Those institutions with high publication are supported by the National Nature
Science Found and Social Science Found.

3.7 Researches in international journals by Chinese scholars

It is known that the setup of green technology innovation is from the western’s
countries like European and American counties, who dominated the technologies
and energy consumption at the beginning, then turns to share market of developed
countries and developing countries. Share of developing countries escalates and
develops, China is one of the most powerful countries among them. However, with
the high-speed development of economic and social development, technology
innovation changing rapidly and increasing living standards of people, the con-
sumption and waste of energy resources are continuously compounded as well. As
the biggest developing country, China has the biggest environmental protection
market in the world, thus, this paper also screened the international publications
written by Chinese Scholar. Table 4 presents 10 documents originated from
Chinese scholars by browsing the theme of green technology in web of science, an
international database for worldwide researchers. It can be seen that green innova-
tion research themes of Chinese scholars mainly concentrate on fields related to

Figure 6.
Green technology publications per institution.
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energy, fuel, commercial economy, environmental sciences, engineering and so on,
while researches on the theory exploration and management level of energy devel-
opment have not embodied yet. The Chinese scholars’ publications in international
journals are less than in the developed countries or regions, but more than the
publications from other developing countries.

4. Publications classified by major themes

Our main subject discussed here is for the articles related to green technology
innovation, which is more specific and concise restrict in green field than the normal
innovation. However, this subject also has the similar area applied to product inno-
vation, technology innovation, technology transfer, technology diffusion, regulation
or policy innovations, innovation abilities, even the innovation to the individual firms
or organizations. This is a little different from the subject category Based on the
characters of green technology innovation, we decompose the broader subject and
code the research themes of green technology into seven themes. This is taken the
reference of the article by Shane and Ulrich [51] with some modification: (1) regula-
tion or policy innovation, (2) technology innovation adoption & diffusion, (3) tech-
nology transfer, (4) technology innovation capability, (5) basic research and advance
development, and (6) Entrepreneurship innovation (see Table 5).

We went over all these 1346 articles’ abstract contents and categorized the
articles based on the above code scheme and screened some similar publications.

Code Headline Author Subject
theme

Method

1 Sustainable energy development and climate
change in China [43]

Ren, Zeng,
Zhou

Environment
and ecology

Qualitative
analysis

2 Integrated management for renewable energy
resources and CDM resources: A case study [44]

Jing,
Mingshan

Business and
economy

Case method

4 Scenario analysis on alternative fuel/vehicle for
China’s future road transport: Life-cycle energy
demand and GHG emissions [45]

Ou, Zhang,
Chang

Energy and
fuel

Modeling
method

5 Study on China’s low carbon development in an
Economy-Energy-Electricity-Environment
framework [46]

Hu, Yuan,
Hu

Energy and
fuel

Qualitative
analysis

6 Network Environ Perspective for Urban
Metabolism and Carbon Emissions: A Case Study
of Vienna, Austria [47]

Chen, Chen Engineering Modeling
method

7 Influence of household biogas digester use on
household energy consumption in a semi-arid
rural region of northwest China [48]

Ding, Niu,
Chen, Du,
Wu

Energy and
fuel

Investigation
method

8 An optimization model for renewable energy
generation and its application in China: A
perspective of maximum utilization [47]

Cong Energy and
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sustainable energy future: the period since 1990
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Zhu,
Zhuang,
Xiong
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fuel

Literature
method

Table 4.
Document researches in selected national journals by Chinese scholars.
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Figure 6.
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69% articles are discussed the theme of regulation or policy innovation, 14% articles
were involved with the theme of policies. 3% percent of the articles are discussed
with the theme of technology adoption and diffusion. The articles contented with
the theme of technology transfer gained 6%. While the articles conducted with the
theme of technology innovation capability occupied 6% either. The rest 2% fell on
the theme of entrepreneurship Innovation. Detail distribution is shown in Figure 7.
A further detail analysis by different themes category was illustrated in the Section
from 4.1–4.6. For research purposes, we also extended some authors literatures
involved in this type of theme from the deeper perspective and across research
perspective instead of more than 1346 articles only we stated.

4.1 Regulation effect on green technology innovation

The theme of regulation or policy is one of the main and traditional research
areas of technology innovation. It has a critical impact on innovation theory devel-
opment. We classified the articles which related to policy into four categories the
effects of innovation on economic growth, factors influencing the rate of innova-
tion, policy tools used by policymaker and the impact of specific policies.

Major themes Sub-themes

1. Regulation or policy innovation 1.1. Effect of innovation on economic growth

1.2. Factors influencing the rate of innovation

1.3. Tools used by policy maker

1.4. Impact of specific policies

2. Technology innovation adoption and diffusion 2.1. Pure technology Introduction

2.2. Technology adoption method introduction

2.3. Technology diffusion introduction

3. Technology transfer 3.1. Patent

3.2. Learning

3.3. Technology spillover and policy impact

4. Technology innovation capability 4.1. Management innovation

4.2. Design innovation

4.3. Process innovation

4.4. Organization Innovation

4.5. Innovation assessment

5. Basic research and advance development 5.1. Conceptual/theory

5.2. Review

5.3. Framework/models

5.4. Driving mechanism

5.5. Risk innovation and management

6. Entrepreneurship innovation 6.1. Green design strategy

6.2. Innovation efficiency

6.3. Innovation behavior

Table 5.
Major themes and sub-themes code scheme with the domain of green technology innovation.
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It has 48 articles involved with the effect of innovation on economic growth,
there are some typical articles like Hou and Su [52], who firstly studied the green
barriers effect to the exported industrial technological innovation. Peng and Sun
[53] explored the challenges and strategic solution for the green economic develop-
ment in China. Li et al. [9] reviewed the environmental regulation effect to the total
factors of green production efficiency improvement. Feng et al. [54] discussed the
relationships among the regulation difference, innovation driven and economy
development in China and put forward the related recommendation regarding the
effect of regulation. Xu and Zhen [55], Pei et al. [56], both publications explored the
effectiveness of regulation on the economy development in Long River Belt in
China. Wu and Yu [57] had a further study regarding the environmental regulation
impact on the production efficiency improvement and technology innovation.

71 articles studied the factors influencing the rate of innovation. Li [58] and Gao
and Wang [59] conducted the green innovation efficiency of high energy con-
sumption industries in Jing-jin-Ji district from a special perspective for China
industries development. Yang et al. [60] discussed the green innovation impacts in
China and pointed that the regulation factor is one of the critical items for green
development. While the rate of innovation is multiple [61, 62].

Six articles discussed the tools used by policy maker, the representative authors
are Li et al. [63], Wang et al. [64], Wei [65] and Shi [66].

The theme of impact of specific policies has 59 articles, most of the publications
are concentrated on the environmental regulation effect on the green innovation
performance or green economic development. The most outstanding articles are
Zhang et al. [67]; Li et al. [68]; Xu and Wang [69]; Francesco et al. [70]; Zhang and
Qu [6]; Xu et al. [5] and Wang [71].

Throughout the above articles review, it can be seen that the effects of different
policy implementations have different effects due to the different cost structure and
maturity of renewable energy. The innovation of green technology can be induced
by policies. The feed-in tariffs are relatively more practical. By controlling the
relative price of the alternative factors, the demand factors, general scientific abil-
ity, the after controlling the relative differences in the economies, the patents
tendencies, the number of patents was used as a measure of innovation ability.

4.2 Technology innovation adoptions and diffusion

The theme of technology innovation adoption and diffusion is the major
impressive body research of green technology innovation for our researchers.
A total of 93 articles explored this theme. We divided the theme into three

Figure 7.
Publication on green technology innovation classified by themes.
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sub-themes: pure technology introduction, technology method or theory introduc-
tion and technology diffusion introduction.

Several articles introduced the pure green technology adoptions in different
fields such as Hong Kong-Zhuhai-Macao bridge construction, green building, oil
and mine industry etc. [72–79]. These articles are good representative example for
green technology adoptions in China.

Technology innovation and diffusion theories are discussed and extended. Yun
and Lee examined key factors of renewable energy systems diffusion from a socio-
technological perspective [80].

The technology adoption theory with empirical application based is also one of
the key research themes. E.g., Zhou et al. [81] investigated a specific example of a
demonstration project in China to support the large-scale diffusion of green tech-
nology and its pilot implementations and revealed that these demonstrations face a
different set of diffusion barriers. Zhu et al. [82] studied Chinese manufacturers
GSCM adoption practices to see if this adoption affects their performance or not.

The themes about the technology diffusion policy were recommended with the
theoretical and empirical analysis in several articles which cover innovative green
procurement [83], mechanisms that can accelerate the technology diffusion [84–87].

The above exploration shows that people take great efforts on the real actual
experiment and achievement in the adoption of the green technology, such as the
sample survey, case study or fields study with primary data. The typical research
articles are influential, for example, Zhu and Sarkis [88]. gained more than 108
times citation up to now. “The models that underlie much of the diffusion literature
have their roots in physical diffusion processes”. Green technology innovation
diffusion takes leading the regional economic development, they save the energy
with low CO2 emission or zero-energy emission.

Furthermore, this review provides the information that the researchers’ focus is
within new energy introduction, renew energy development, new methods, new
process improvement and even new conception or culture implantation. This is a
new trend of green technology development.

4.3 Technology transfer

When introducing the technological track of the green revolution, Liu and Liang
[88] explores potential policies and schemes promoting the transfer of CCS tech-
nologies to developing countries, then makes an attempt to understand technology
transfer including its benefits, barriers, and definition. Ai et al. [89] studied the
impact of various technological progress patterns on China’s regional environmental
performance using spatial econometrics and find that there are significant spatial
effects of technology innovation, technology transfer on China’s regional environ-
mental performance. Liang and Luo (2019) studied the dynamic effect analysis for
international R&D capital output to green technology [90].

The realization of technology transfer in green revolution is influenced by many
factors. The process of green technology transfer needs to take full account of the
capacity of enterprises and the policy support systems. At the same time, the
increase of independent innovation capacity will play a positive role in technology
transfer. From the perspective of historical development, in the environment of
rapid improvement of independent innovation ability and intensified international
competition, the transfer of green technology in developed countries will have a
more positive impact on developing countries. Developing countries should also try
their best to improve their technology adaptation level and absorptive capacity to
accept the technology transfer of the green revolution in a proactive manner.
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4.4 Technology innovation management and capability

The theme of technology innovation capability is a little broad. For analysis like
the one cited above, we divided it into four sub-themes such as the innovation
research of management capability, design capability, process control capability
and organization innovation capability.

Six articles argued the innovation management concept related to green tech-
nology innovation. For example, Wu [91] discusses the relationship between green
supply chain integration (GSCI) and green innovation and pointes that, in order to
improve green innovation performance, managers should strive to integrate
resources and capabilities among their organizations, suppliers and customers. The
managers should constantly pay attention to market demand trends and maintain a
close technical network between supply chain partners.

The design method innovation is also a critical research theme in technology. Six
typical articles presented herein are very useful for our practitioners to study. Song
and Yang [92] reviewed the relations between the financial performance and green
innovation, and pointed that green capabilities are much related with the aid of
finance. Han and Yan [93] explored how to the innovation capability impact the
enterprises value-adding. Li et al. [68] analyzed the relationship among the envi-
ronmental regulation, R&D investment and enterprises green technology ability.
The rest of articles are Li et al. [94], Hua [95] and Liu et al. [96].

Regardless of the technology innovation itself, the subject of process innovation
is also well-accepted by our researchers, particularly in the big construction induc-
tion of green innovation, e.g., Fu [97] proposed that environmental regulations and
corporate characteristics are the most widely studied factors affecting the adoption
of sustainable process technologies.

Organization innovation is another sustentation on green technology. It has
three sub-themes such as the effort of organization structure, communication pat-
terns and decision making. Only a small number of typical articles relate to the
impact of organizational innovation on green technologies technology innovations.

The above analysis provides a possible direction for us that the effectiveness of
innovation does not only depend on the technology but also depend on the related
responsible stakeholder concept of innovation and its capability across with the
management, organization and process innovation. Based on the deep research, it
can be caught that, the capacity innovation, ecological innovation, leadership, and
technology trajectory will all become important factors influencing green technol-
ogy innovation. It is a result of core team cooperation and there are a lot of potential
in this area for researching.

Through the above literatures, it was sighted that the research of green technol-
ogy innovation in enterprise management gradually turns from the macro aspect to
the micro aspect. After analyzing the green macro strategy of enterprises, scholars
begin to pay more attention to micro factors such as enterprise organization, system
design and innovation ability. Meanwhile, government policies are becoming an
important influencing factor of low-carbon economy and green economy, and the
direction of future research.

4.5 Basic research and advance development

The Basic research and advance development theme involved the topics of
concept or theory, reviews, framework/models, driving mechanism, risk and inno-
vation management. 697 articles discussed the basics research with the themes of
conceptual or theory introduction, most of the articles discussed the concept of
green technology innovation and the reason why need develop green economy in
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China. [53, 98–100] but it needs to pay attention the green innovation system
platform construction such as consumption mode [101], innovation system
[102, 103], policy supporting system [104, 105], law system [106] and green cul-
tural system [107, 108].

43 articles are reviews and comment on the green technology development,
literatures review, trend and forecast discussion in China. Typical articles are Guo
and Zhang et al. [109], it pointed out that the “environment-economy” develop-
ment science and technology is a big dilemma in the process of sustainable devel-
opment in various countries. It needs to clarify the impacts among the
environmental regulation and governmental R&D funding and green technology
innovation and study the function of promoting or suppressing. Wang [110] thinks
that the technological innovation generated by environmental policy is the key for
China achieving its long-term green development, the market driven force for
environmental-friendly innovation activities is lacked, whereas environmental pol-
icy can provide motivation. Li and Yang [111] employed an analytical framework
proposed by Astley [112], who developed a systematic, coherent analysis on the
level, phase, theme and depth of domestic green technology innovation literature,
and summarized the characteristics of research and calculated the trend of green
technology innovation research by connecting it with the time dimension. Wang
[113] summarized the external factors and internal determinants of enterprise
competitive advantage from the perspective of regional innovation milieus and
green technology innovation and pointed that green technology innovation is the
internal factor of enterprise competitive advantage, it is an important part of
enterprise internal environment. But with multi factors driving [114].

172 articles studied the theory framework and models of green technology inno-
vation development. The main topic of the theory framework are within the scope
of regulation effect to the green technology innovation [115–118], innovation sys-
tem, the relationship among green technology innovation, industrial agglomeration
and ecological efficiency [119, 120]; Li, Peng and Ouyang [9] thought that environ-
mental regulation has an effect on the transformation of China’s industrial develop-
ment mode through green total factor productivity, but there exists the “threshold
effect” of environmental regulation strength.

43 articles reviewed the driving mechanism of green technology, Vicky [121]
alternative policy mechanisms based on a simulation for green technological inno-
vation, Yu [122] proposed a combination of alliance for enterprises green innova-
tion based on a business case study. Cao (2008) analyzed the interaction among the
structure mode, operation mechanism and technology from a perspective of
recycling economics, then pointed that that industrial structure transformation
with technological innovation is critical. Zhang and Sun [123] conducted an
economic-social-recycle system to explore the innovation efficiency mechanism
based on an example in Han River eco-economic belt in Hubei Province of China.
Guo et al. [124] studied the incentive mechanism for enterprise’s green innovation
implementation.

Only five articles paid attention on the risk and innovation management for
green innovation in China based on the literature review, like Xu and Gu [125]
reviewed the risk management for enterprises green innovation and proposed a
system risk management framework. Li [126] studied the industry transformation
between the western and eastern of China; Chen and Xie [127] employed an Bayes-
ian network model to monitor the innovation for green buildings; Fang [128]
pointed that, the eco-culture development need to pay attention on the risk of eco-
development; Li et al. [129] identified the risks in manufacturing industry and
proposed the related suggestion as well. All these articles have a good reference for
the practitioners of the green innovation execution in China [105].
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35 articles implemented the theme of Innovation assessment, some the articles
focus on the assessment method [130, 131], five articles discussed the innovation
ability assessment, the representative authors are Sun and Cao [132], Xie et al. [133]
and Jia [134]. Seven articles explored the innovation efficiency assessment like
Huang et al. [135], Sun et al. [136], and Zhang et al. [137].

4.6 The role of entrepreneurship innovation

The last theme of green technology innovation is the role of entrepreneurship
innovation. We divided this theme further into four sub-themes: entrepreneurship
green design strategy, enterprise decision making and individual achievement. We
caught five articles appeared from 1994 to 2019 involved with the role of individual.
Some outstanding articles presented below.

Xu and Zhang [105], Jiang [138], found that green entrepreneur orientation has
a positive impact on the environment and financial performance. Xie et al. [139]
surveyed the resources enterprises’ green behavior and found that benefit is one of
the critical items for the green activities’ participants.

Through above articles’ exploration, it is known that that entrepreneurship is
one of the key players in the process of green and sustainable innovation. However,
the technological innovations used in the cooperation are mainly cost-oriented.

Our detailed exploration of these articles is not very extensive. However, we are
witnessing green technology innovations involving many different types of topics
that are more complex than our normal technological innovations because their
impact has a profound impact on people’s living environment and all different lines
of business. And it is significant. Some topics have changed over time, leaving a lot
of room for our researchers.

The themes of entrepreneurship dominates within the scope of the different
type of entrepreneurs based on the previous review by Shi and Lai [2] are multiple
such as the social corporate responsibility, the decision effect of entrepreneurs on
enterprise’s green technology innovation, and the role of entrepreneurs in green
economy development or society improvement. While based on the review in
China, it is not enough, noted that our selection of research is “green technology
innovation”, it is different. Moreover, the enterprise participant is crucial for green
development, scholars are encouraging to pay attention on the role of entrepre-
neurship and education in cultivating entrepreneurs’ green entrepreneurship,
which is a critical element of sustainable development.

5. Result and discussion

5.1 Insight from our exploration

Through the analysis of the articles in CNKI from 1994 to 2019, we have
identified that, although the research topics of green technology innovation are
varied, the main stream is focusing on the technology adoption, diffusion, transfer,
policy recommendation, or implementation, and advanced technology develop-
ment currently, which can be regarded as convergence out of divergence.

Based on the overall review for the publication from 1994 to 2019, we caught out
that green technology innovation is getting mature compared to the energy-
innovation related topics. It is becoming a dominated research subject coupled with
social energy system innovation contributing to the green and sustainable
development.

149

Green Technology Innovations Development in China: Trend and Application
DOI: http://dx.doi.org/10.5772/intechopen.89599



China. [53, 98–100] but it needs to pay attention the green innovation system
platform construction such as consumption mode [101], innovation system
[102, 103], policy supporting system [104, 105], law system [106] and green cul-
tural system [107, 108].

43 articles are reviews and comment on the green technology development,
literatures review, trend and forecast discussion in China. Typical articles are Guo
and Zhang et al. [109], it pointed out that the “environment-economy” develop-
ment science and technology is a big dilemma in the process of sustainable devel-
opment in various countries. It needs to clarify the impacts among the
environmental regulation and governmental R&D funding and green technology
innovation and study the function of promoting or suppressing. Wang [110] thinks
that the technological innovation generated by environmental policy is the key for
China achieving its long-term green development, the market driven force for
environmental-friendly innovation activities is lacked, whereas environmental pol-
icy can provide motivation. Li and Yang [111] employed an analytical framework
proposed by Astley [112], who developed a systematic, coherent analysis on the
level, phase, theme and depth of domestic green technology innovation literature,
and summarized the characteristics of research and calculated the trend of green
technology innovation research by connecting it with the time dimension. Wang
[113] summarized the external factors and internal determinants of enterprise
competitive advantage from the perspective of regional innovation milieus and
green technology innovation and pointed that green technology innovation is the
internal factor of enterprise competitive advantage, it is an important part of
enterprise internal environment. But with multi factors driving [114].

172 articles studied the theory framework and models of green technology inno-
vation development. The main topic of the theory framework are within the scope
of regulation effect to the green technology innovation [115–118], innovation sys-
tem, the relationship among green technology innovation, industrial agglomeration
and ecological efficiency [119, 120]; Li, Peng and Ouyang [9] thought that environ-
mental regulation has an effect on the transformation of China’s industrial develop-
ment mode through green total factor productivity, but there exists the “threshold
effect” of environmental regulation strength.

43 articles reviewed the driving mechanism of green technology, Vicky [121]
alternative policy mechanisms based on a simulation for green technological inno-
vation, Yu [122] proposed a combination of alliance for enterprises green innova-
tion based on a business case study. Cao (2008) analyzed the interaction among the
structure mode, operation mechanism and technology from a perspective of
recycling economics, then pointed that that industrial structure transformation
with technological innovation is critical. Zhang and Sun [123] conducted an
economic-social-recycle system to explore the innovation efficiency mechanism
based on an example in Han River eco-economic belt in Hubei Province of China.
Guo et al. [124] studied the incentive mechanism for enterprise’s green innovation
implementation.

Only five articles paid attention on the risk and innovation management for
green innovation in China based on the literature review, like Xu and Gu [125]
reviewed the risk management for enterprises green innovation and proposed a
system risk management framework. Li [126] studied the industry transformation
between the western and eastern of China; Chen and Xie [127] employed an Bayes-
ian network model to monitor the innovation for green buildings; Fang [128]
pointed that, the eco-culture development need to pay attention on the risk of eco-
development; Li et al. [129] identified the risks in manufacturing industry and
proposed the related suggestion as well. All these articles have a good reference for
the practitioners of the green innovation execution in China [105].

148

Innovation in Global Green Technologies 2020

35 articles implemented the theme of Innovation assessment, some the articles
focus on the assessment method [130, 131], five articles discussed the innovation
ability assessment, the representative authors are Sun and Cao [132], Xie et al. [133]
and Jia [134]. Seven articles explored the innovation efficiency assessment like
Huang et al. [135], Sun et al. [136], and Zhang et al. [137].

4.6 The role of entrepreneurship innovation

The last theme of green technology innovation is the role of entrepreneurship
innovation. We divided this theme further into four sub-themes: entrepreneurship
green design strategy, enterprise decision making and individual achievement. We
caught five articles appeared from 1994 to 2019 involved with the role of individual.
Some outstanding articles presented below.

Xu and Zhang [105], Jiang [138], found that green entrepreneur orientation has
a positive impact on the environment and financial performance. Xie et al. [139]
surveyed the resources enterprises’ green behavior and found that benefit is one of
the critical items for the green activities’ participants.

Through above articles’ exploration, it is known that that entrepreneurship is
one of the key players in the process of green and sustainable innovation. However,
the technological innovations used in the cooperation are mainly cost-oriented.

Our detailed exploration of these articles is not very extensive. However, we are
witnessing green technology innovations involving many different types of topics
that are more complex than our normal technological innovations because their
impact has a profound impact on people’s living environment and all different lines
of business. And it is significant. Some topics have changed over time, leaving a lot
of room for our researchers.

The themes of entrepreneurship dominates within the scope of the different
type of entrepreneurs based on the previous review by Shi and Lai [2] are multiple
such as the social corporate responsibility, the decision effect of entrepreneurs on
enterprise’s green technology innovation, and the role of entrepreneurs in green
economy development or society improvement. While based on the review in
China, it is not enough, noted that our selection of research is “green technology
innovation”, it is different. Moreover, the enterprise participant is crucial for green
development, scholars are encouraging to pay attention on the role of entrepre-
neurship and education in cultivating entrepreneurs’ green entrepreneurship,
which is a critical element of sustainable development.

5. Result and discussion

5.1 Insight from our exploration

Through the analysis of the articles in CNKI from 1994 to 2019, we have
identified that, although the research topics of green technology innovation are
varied, the main stream is focusing on the technology adoption, diffusion, transfer,
policy recommendation, or implementation, and advanced technology develop-
ment currently, which can be regarded as convergence out of divergence.

Based on the overall review for the publication from 1994 to 2019, we caught out
that green technology innovation is getting mature compared to the energy-
innovation related topics. It is becoming a dominated research subject coupled with
social energy system innovation contributing to the green and sustainable
development.

149

Green Technology Innovations Development in China: Trend and Application
DOI: http://dx.doi.org/10.5772/intechopen.89599



In the period sequence analysis of the articles, we have initialized that China is
acting as an emerging star and its publications obviously higher with the times goes,
this is helpful for our researchers to have a full understanding of green development
roadmap and trend in China.

Just seen from the analysis in Section 3.2, compared to the research methods of
innovation, the articles with conceptual method account for 49%, and the qualita-
tive method occupies 18%, both achieve 67%. It indicates that the green technology
innovation in China is still at a developing stage and the method of model and
empirical are not adequate. China’s green development is still in the developing
stage and need more executions. Though we know that methods should not be
ignored with the extension and quick development. In addition, the actual technol-
ogy adoption needs theoretical support. It assumes that the concepts and theoretical
systems driving green technology development research is more welcome. Another
impressive feature of these articles is that the green technology research covers 50
subjects within multi-disciplinary fields, while the majority falls on environment
science, management, energy and fuels and economics.

The research level indicates that the green technology innovation in China is still
under a developing stage based on the data shown in Section 3.3, herein, macro-
scopic research level gains 54%, mesoscopic research level are keeps 11%, micro-
scopic research level are keeps 35%. This phenomenon reflects that more concrete
studies and application from micro perspective are urgently needed, such as the
specific technology innovation and application of new technology in the firms or
environmental improvement.

The research subject area review in Section 3.4 shows that, the trend of green
technology research appears an interdisciplinary research with the themes related to
environmental subject, science technology, innovation management, which are
accounting for 47.65% of the total. It is worth mentioning that the research articles
of the top two areas–environmental sciences ecology and business economics are
much more compared with other industries like agriculture and forest.

The keywords cluster analysis in Section 3.5, the technological innovation-
related keywords gains highest occurrence frequency, such as “Innovation”, “Tech-
nology”, “Policy”, “Sustainability”, “System”, “Performance”, “Management”,
“Energy”, and “Model” etc. The technological innovation is an important driving
force for sustainable development. Various policies and adjusted industrial struc-
tures are introduced to promote green development of technologies, improve the
efficiency of energy utilization, and support innovative development of green tech-
nologies, new and renewable energy, there are the key areas for our researcher to
explore and develop.

For the review of publication based on institutions and publications in interna-
tional journals in Sections 3.6 and 3.7, we can see that the most contributor in green
technology innovation are science and technology university or organizations,
especial for the universities from “985” and “211” project. Now China is executing a
new program of Double First-Rate project3 among the universities and reallocate
the resources based on the contributions of the discipline construction and world-
wide reputation. This including the national found support for the outstanding
contributor or authors based on the evaluation system.

From the analysis in Section 4, one crucial phenomenon comes to our attention:
besides the majority of research themes of “technology adoption and diffusion”,
green technology innovation cannot be isolated from the policy or regulation
regime. The innovation research from multi-perspectives such as social culture,

3 It refers the world first-class university and the first-class discipline construction.
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economic management, engineering, social energy system and etc. are needed for
low carbon development in China with green innovation orientation. This opens us
a wider consideration that the green technology or is not just a pure technology but
a cross functional activity, as a consequence, the technology becomes a low priority
compared to the social innovation, such as the saving and efficiency improvement.

The review in Section 4.1 indicates that the effects of different policy
implementations have different effects due to the different cost structure and
maturity of technology. In fact, the green innovation can be induced by policies.
The environmental regulation does the effectiveness on promoting the green tech-
nology development.

The finding in Section 4.2 shows: the technology adoption theory with empirical
application based is also one of the key research themes. It covers innovative public
procurement, dynamic efficiency analysis innovation activities and mechanisms
design. People take great efforts on the real actual experiment and achievement in
the adoption of green technology, such as the sample survey, case study or fields
study with primary data. The typical research articles are influential. Green tech-
nology innovation diffusion takes leading the regional economic development. Fur-
thermore, the researchers’ focus is within new technology introduction, renewable
energy development, new methods, new process improvement and even new con-
ception or culture implantation. This is a new trend of green technology develop-
ment in China.

In Section 4.3, the realization of technology transfer in green revolution is
influenced by many factors. Green technology transfer needs to take full account of
the capacity of absorbing countries and governments and the obstacles of intellec-
tual property rights system. The increase of independent innovation capacity in
China will play a positive role in technology transfer. From the perspective of
historical development, in the environment of rapid improvement of independent
innovation ability and intensified international competition, the transfer of green
technology in developed countries will have a more positive impact on China’s
development, though China now is a second position in the world, many core
technologies still need to import or transfer from the developed countries. It needs
to increase the technology adaptation level and absorptive capacity to accept the
technology transfer of the green revolution in a proactive manner.

While for the technological management and capability analysis in Section 4.4, it
was sighted that the research of green technology innovation in enterprise manage-
ment gradually turns from the macro aspect to the micro aspect, but it is not enough.
After analyzing the green macro strategy of enterprises, scholars begin to pay more
attention to micro factors such as enterprise organization, system design and innova-
tion ability. Therefore, the government policies are becoming an important influenc-
ing factor of green innovation development, and the direction of future research.

In Section 4.5, the advanced technology development analysis has been explored
from the concept, mechanism, technology foresight and multi-level perspective to
enrich the related innovation theory. The basic research of policy instrument and
mechanism among different interested group is necessary for technology innova-
tion implementation. The basic research has covered the most areas of green tech-
nology innovation activities. It involves research of approaches policy instrument
and mechanism, models, energy, environment resource industrial, biotechnology,
etc. In addition, it is expected more interdisciplinary research to emerge in the
future. While some publication level is not high and cannot get into the solid
foundation to guide the green practice theoretically. Solving existing problems from
different disciplines is also one of the directions of future research.

And at last, in Section 4.6, it was drawn that China need more entrepreneur and
entrepreneurship. The scope of the different type of entrepreneurs are multiple
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such as the social corporate responsibility, the decision effect of entrepreneurs on
enterprise’s green technology innovation, and the role of entrepreneurs in green and
low carbon economy development or society improvement. But the researches in
China is not big, in fact, the enterprise participant is crucial for green development,
scholars are encouraging to pay attention on the role of entrepreneurship and
education in cultivating entrepreneurs’ green entrepreneurship, which is a critical
element for sustainability.

5.2 Recommendations for future direction

Based on the exploration of the content and trend analysis by different catego-
ries analysis from the perspectives of period sequence, research methods, research
level, research subjects, keywords cluster, institution, authors and themes of articles
in Sections 3 and 4, we have witnessed the researchers’ contribution in China and
are impressed with their consummate methodology and rich theory base. While
some research limitations still can be caught due to the regional development
differently in China. Herein, we summarize some of our recommendations of the
future research directions for our researchers and practitioners as reference and
discussion.

First, we would like to see our depth of understanding of green technology
innovation and enrich our studies of methodology and theory. We recommend that
researchers increase the research volume of theory extension and popularization of
green life. Especial for the research from economics and social perspective, the
approach in a concept innovation among human and enable of the studies getting
deeper.

Second, we recommend our researchers greater use of experiments, field inves-
tigation and case study, which are the more solid and concrete foundations for the
sustainability in China and would be more convincing for our practitioners.

Third, we propose the cross-level studies moving forward on the green technol-
ogy promotion, such as the research of cross-culture among different enterprises,
regions, organizations and other different stakeholders. The research does not only
depend on the scientific research organizations, but mostly comes out of practice.

Fourth, green technology innovation is a global phenomenon with many coun-
tries serving as the locations where the technological innovation occurs. Thus,
researchers or practitioners are encouraged to use cross-disciplinary teams world-
wide to conduct truly international research, such as the global cooperation mech-
anism, global eco-system research, global cross-cultural studies on inter-action on
the sustainable development etc. that means to implement the “Go Out” principles
to keep the most advanced and updated research achievements.

Fifth, green technology innovation is a multi-level research and covers across
different subjects and multidisciplinary subjects. The research with green technol-
ogy is not only including the energy saving, renewable, sustainable consumption
and transition research, technology development etc. but also including the human
or social behavior research, eco-service, green accounting. Herein we also encour-
age researchers build research teams integrating science, environment, chemistry,
energy, fuels, engineering, material science, social science, management, even psy-
chology and other scientists from different fields, who can bring multiple perspec-
tives and methodologies to the foundation of green innovation enhancement.

Finally, from the participant perspective of green technology innovation, gov-
ernment is the key for sustainability development, thus, the government policies
are becoming an important influencing factor of green economy development.
Moreover, as the main participants, the entrepreneur factors gained lots of scholars’
attention as well, the themes of entrepreneurial spirit, corporate responsibility,
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effectiveness of entrepreneurs on enterprise’s green technology innovation and the
role of entrepreneurs becomes a new engine of green development in China.

5.3 Conclusion

This charter examined the literatures enlisted in the database of CNKI on the
topics with regard to green technology innovation from 1994 to 2019 in China.
Based on the literature review, some critical discussion and direction are drawn as
follows: (1) green technology innovation is getting mature compared to the initial
stage 10 years ago. Green technology is becoming a dominated research subject
coupled with social energy system innovation contributing to the green and sus-
tainable development. (2) The conceptual and qualitative publications dominate the
overall researches; the empirical researches are in a shortage. (3) The research sub-
jects are multi-perspective and multi-disciplinary, covering environment science,
management, energy and fuels, economics and social behavior. New vibrancy of
advanced theoretical and methodological research is particularly needed, especially
for green technology innovation trajectory, performance evaluation, government
policy instrument and multi-level cooperation among the participants. (4) The
trend of green technology research appears an interdisciplinary research with the
themes related to environmental subject, science technology, business economics,
engineering and energy & fuels. (5) Different policy implementations have differ-
ent effects due to the different cost structure and maturity of renewable energy.(6)
Green technology innovation cannot be isolated from the policy or regulation
regime, and is becoming a new underpin of current sustainable development
coupled with social energy system contributing to eliminate the climate change.

From the most review of 25 years of the literatures within the domain of and
green technology innovation it encourages us to conclude that the research is more
diverse, more multi-faceted, multi-disciplinary and multi-focused than the normal
technology innovation, but the publication amount is not big, most of the
researchers in China still focus on the conceptual and qualitative exploration. Green
innovation is a complex, multi-level and social constructed process that attract the
researcher to perform in the developing fields. It shows strong evidence of the
future trend on developing the new resource and renewable sources technology,
new vibrancy of theoretical and methodological advance such as green technology
innovation trajectory, innovation performance evaluation, government policy
instrument and multi-level cooperation among enterprise, government policies etc.
New and advanced theory explorations are the research themes of future directions.
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management, energy and fuels, economics and social behavior. New vibrancy of
advanced theoretical and methodological research is particularly needed, especially
for green technology innovation trajectory, performance evaluation, government
policy instrument and multi-level cooperation among the participants. (4) The
trend of green technology research appears an interdisciplinary research with the
themes related to environmental subject, science technology, business economics,
engineering and energy & fuels. (5) Different policy implementations have differ-
ent effects due to the different cost structure and maturity of renewable energy.(6)
Green technology innovation cannot be isolated from the policy or regulation
regime, and is becoming a new underpin of current sustainable development
coupled with social energy system contributing to eliminate the climate change.

From the most review of 25 years of the literatures within the domain of and
green technology innovation it encourages us to conclude that the research is more
diverse, more multi-faceted, multi-disciplinary and multi-focused than the normal
technology innovation, but the publication amount is not big, most of the
researchers in China still focus on the conceptual and qualitative exploration. Green
innovation is a complex, multi-level and social constructed process that attract the
researcher to perform in the developing fields. It shows strong evidence of the
future trend on developing the new resource and renewable sources technology,
new vibrancy of theoretical and methodological advance such as green technology
innovation trajectory, innovation performance evaluation, government policy
instrument and multi-level cooperation among enterprise, government policies etc.
New and advanced theory explorations are the research themes of future directions.
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Chapter 10

Politics of Renewable Energy in 
Africa: Nature, Prospects, and 
Challenges
Samuel Adams and William Asante

Abstract

Energy transition discussions have centered on the technical, economic, and 
policy aspects of energy transitions. Despite this, the political dynamics have 
received less attention. It is suggested that since energy policy change threaten 
incumbent industries and impose substantial costs, enacting and sustaining policies 
require considerable political support. Even though it is widely acknowledged that 
barriers to energy transition are primarily political than technical, there is a lack 
of cohesive literature on the politics that drive, constrain, and shape renewable 
energy regulation or policy. This gap motivates this study. Adopting a desk research 
methodology and arguing from the lens of Kingdon’s multiple streams framework, 
the study found among others that the streams of problem, politics and policy 
shows enough prospects to be coupled for Africa to make a serious consideration on 
its renewable energy capacity. However, a number of obstacles were also identified 
to make this venture difficult but are surmountable.

Keywords: renewable energy, multiple streams framework, Africa, politics, cleaner 
energy, energy transition, carbon dioxide emissions

1. Introduction

   “Alone we can do so little; together we can do so much”
 Quote attributed to Helen Keller, American Writer and Social Activist.

It is strongly believed that the United Nations (UN) member states were think-
ing just like Keller when they came up with the sustainable development goals 
(SDGs) as a means of combining their efforts to confront global developmental 
challenges of droughts, famine, poverty, climate change, and the likes. Following 
this, states are expected to “act locally” to ensure that the global SDG agenda is 
achieved by 2030. Since the discussion here focuses on renewable energy, rehashing 
Goal 7 of the SDGs is appropriate and situates this discussion in its proper context. 
The Goal 7 provides that member states should ensure access to affordable, reliable, 
sustainable and modern energy for all [1]. These include but not limited to ensur-
ing universal access to affordable, reliable and modern energy services; increase 
substantially the share of renewable energy in the global energy mix; double the 
global rate of improvement in energy efficiency; enhance international cooperation 
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incumbent industries and impose substantial costs, enacting and sustaining policies 
require considerable political support. Even though it is widely acknowledged that 
barriers to energy transition are primarily political than technical, there is a lack 
of cohesive literature on the politics that drive, constrain, and shape renewable 
energy regulation or policy. This gap motivates this study. Adopting a desk research 
methodology and arguing from the lens of Kingdon’s multiple streams framework, 
the study found among others that the streams of problem, politics and policy 
shows enough prospects to be coupled for Africa to make a serious consideration on 
its renewable energy capacity. However, a number of obstacles were also identified 
to make this venture difficult but are surmountable.

Keywords: renewable energy, multiple streams framework, Africa, politics, cleaner 
energy, energy transition, carbon dioxide emissions

1. Introduction

   “Alone we can do so little; together we can do so much”
 Quote attributed to Helen Keller, American Writer and Social Activist.

It is strongly believed that the United Nations (UN) member states were think-
ing just like Keller when they came up with the sustainable development goals 
(SDGs) as a means of combining their efforts to confront global developmental 
challenges of droughts, famine, poverty, climate change, and the likes. Following 
this, states are expected to “act locally” to ensure that the global SDG agenda is 
achieved by 2030. Since the discussion here focuses on renewable energy, rehashing 
Goal 7 of the SDGs is appropriate and situates this discussion in its proper context. 
The Goal 7 provides that member states should ensure access to affordable, reliable, 
sustainable and modern energy for all [1]. These include but not limited to ensur-
ing universal access to affordable, reliable and modern energy services; increase 
substantially the share of renewable energy in the global energy mix; double the 
global rate of improvement in energy efficiency; enhance international cooperation 



Innovation in Global Green Technologies 2020

166

to facilitate access to clean energy research and technology. The above targets 
consistently mention and encourage cleaner energy which makes the discussion on 
renewable energy timely and relevant.

Furthermore, the renewables agenda has become necessary because of global 
warming evidenced through storms and ice melts, droughts and hunger, unrest and 
migration [2]. This realization has led to a growing consensus directed at the transi-
tion to renewable energy systems, which has come to be known as a process of fuel 
substitution, a crucial way to addressing the climate crisis [2]. Renewable energy 
may refer to a form of energy that when used replaces itself and can last indefinitely 
when well-managed. The principal types of renewable energy consist of solar, 
thermal, photovoltaics, bioenergy, hydro, tidal, wind, wave, and geothermal [3].

The literature on renewable energy have mostly centered on three key aca-
demic fields i.e. political science, policy studies and energy transitions. However, 
Hughes and Lipsky [4] acknowledge that in political science the subfield of 
energy politics is “relatively underdeveloped.” They continue that most of the 
studies fall within the 1970s and 1980s with prime focus on international politi-
cal economy and oil geopolitics. It is in recent times that there is a gradual shift 
with new studies relating renewable energy to public opinion [5–7], electoral 
dynamics [8], coalitional politics [9], and green industrial constituencies [10]. 
Also, in the policy literature, scholars analyze renewable energy policymaking 
with theories such as the Multiple Streams Model, Punctuated Equilibrium theory 
and the Advocacy Coalition Framework. These studies emphasize windows of 
opportunity for policy change, especially following acute “focusing events” such 
as oil and nuclear crises [11–15]. The energy transition literature has centered on 
the technical, economic, and policy aspects of energy transitions [16, 17] with 
the political dynamics receiving less attention [4, 6]. It is suggested that since 
energy policy change threaten incumbent industries and impose substantial costs 
[18], enacting and sustaining policies require considerable political support. Even 
though it is widely acknowledged that barriers to energy transition are primarily 
political, there is a lack of cohesive literature on the politics that drive, constrain, 
and shape renewable energy policy particularly in developing countries [8, 19]. 
This study builds on the energy transition literature by exploring first, the energy 
situation in Africa, second, the prospects and challenges from transitioning from 
non-renewable to renewable, and third, the appropriate lessons that can be drawn 
to help Africa attain the SDG goal 7. The uniqueness of this study aside the above, 
is the application of Kingdon’s multiple streams framework (MSF) as an analytical 
lens at the continental level.

By way of organization, the theoretical framework follows this discussion, 
followed by the methodology; then, the nature of energy situation in African is 
also discussed. After this, the discussion on whether conditions are ripe for the 
transition follows, and then a conclusion is drawn to end the chapter outlining some 
policy implications for the future.

2. Theoretical framework: multiple streams approach

The multiple streams framework (MSF) is acknowledged to be the handy work 
of John W. Kingdon, who explains how ideas come into being. In other words what 
makes important people pay attention to one subject rather than another, how 
their agendas change from time to time, and how they narrow their choices from a 
larger set of alternatives to very few [20–23]. These are the issues that the MSF seeks 
to explain. MSF views the policy process as composed of three streams of actors 
and processes. First, a problem stream consists of data about various problems 
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and the proponents of various problem definitions. It may also consist of percep-
tions, opinions, and attitudes held by various members of the public and policy 
communities [20, 24]. Second, a policy stream which involves the proponents of 
solutions to policy problems that originate with communities of policy makers, 
experts and lobby groups. It is important to mention that the policy stream carries 
recommendations from researchers, advocates, analysts, who use their expertise to 
propose prospective solutions to them [24–26]. Third, a politics stream consists of 
elections and elected officials [20–23]. The politics stream also refers to factors such 
as changes in government, legislative turnover and fluctuations in public opinion. 
It must be mentioned that the political stream is often associated with contextual 
attributes such as the composition of ideas and values comprising national “moods” 
and the power shifts produced by legislative and executive turnover following 
events such as elections and cabinet shuffles that rotate the composition of policy-
makers and affect important events through the composition of political and 
legislative timetables [24, 27].

According to Kingdon [21], the streams normally operate independently of 
each other, except when a “window of opportunity” permits policy entrepre-
neurs to couple the various streams. The success of the policy entrepreneurs 
in the coupling venture may result in a major policy change [20, 24, 27]. These 
policy entrepreneurs are vested stakeholders who strategically engage with the 
streams to open or seize windows of opportunities to advance their favored 
solutions [23]. In this framework, it is observed that policy development towards 
addressing a socio-economic problem does not occur automatically; rather, it 
emerges from the complex interaction and intersection of the three streams, 
which leads to certain issues being taken up by governments [24]. In this study 
we seek to explore the politics, problem and policy streams in the renewable 
energy sector of Africa and whether these streams are being strategically linked 
to enhance the acceptance of governments or policy makers. Figure 1 illustrates 
the model.

3. Methodology

This study adopts a desk research methodology or desktop qualitative descrip-
tive method. Desk research refers to the use of secondary data or that which can 
be collected without fieldwork. To most people it suggests published reports and 
statistics. In the context of this paper, the term is widened to include all sources of 
information that do not involve a field survey. These include searching libraries and 
the internet for data or information.

Figure 1. 
Multiple Streams Framework. Source: Zahariadis [25].



Innovation in Global Green Technologies 2020

166

to facilitate access to clean energy research and technology. The above targets 
consistently mention and encourage cleaner energy which makes the discussion on 
renewable energy timely and relevant.

Furthermore, the renewables agenda has become necessary because of global 
warming evidenced through storms and ice melts, droughts and hunger, unrest and 
migration [2]. This realization has led to a growing consensus directed at the transi-
tion to renewable energy systems, which has come to be known as a process of fuel 
substitution, a crucial way to addressing the climate crisis [2]. Renewable energy 
may refer to a form of energy that when used replaces itself and can last indefinitely 
when well-managed. The principal types of renewable energy consist of solar, 
thermal, photovoltaics, bioenergy, hydro, tidal, wind, wave, and geothermal [3].

The literature on renewable energy have mostly centered on three key aca-
demic fields i.e. political science, policy studies and energy transitions. However, 
Hughes and Lipsky [4] acknowledge that in political science the subfield of 
energy politics is “relatively underdeveloped.” They continue that most of the 
studies fall within the 1970s and 1980s with prime focus on international politi-
cal economy and oil geopolitics. It is in recent times that there is a gradual shift 
with new studies relating renewable energy to public opinion [5–7], electoral 
dynamics [8], coalitional politics [9], and green industrial constituencies [10]. 
Also, in the policy literature, scholars analyze renewable energy policymaking 
with theories such as the Multiple Streams Model, Punctuated Equilibrium theory 
and the Advocacy Coalition Framework. These studies emphasize windows of 
opportunity for policy change, especially following acute “focusing events” such 
as oil and nuclear crises [11–15]. The energy transition literature has centered on 
the technical, economic, and policy aspects of energy transitions [16, 17] with 
the political dynamics receiving less attention [4, 6]. It is suggested that since 
energy policy change threaten incumbent industries and impose substantial costs 
[18], enacting and sustaining policies require considerable political support. Even 
though it is widely acknowledged that barriers to energy transition are primarily 
political, there is a lack of cohesive literature on the politics that drive, constrain, 
and shape renewable energy policy particularly in developing countries [8, 19]. 
This study builds on the energy transition literature by exploring first, the energy 
situation in Africa, second, the prospects and challenges from transitioning from 
non-renewable to renewable, and third, the appropriate lessons that can be drawn 
to help Africa attain the SDG goal 7. The uniqueness of this study aside the above, 
is the application of Kingdon’s multiple streams framework (MSF) as an analytical 
lens at the continental level.

By way of organization, the theoretical framework follows this discussion, 
followed by the methodology; then, the nature of energy situation in African is 
also discussed. After this, the discussion on whether conditions are ripe for the 
transition follows, and then a conclusion is drawn to end the chapter outlining some 
policy implications for the future.

2. Theoretical framework: multiple streams approach

The multiple streams framework (MSF) is acknowledged to be the handy work 
of John W. Kingdon, who explains how ideas come into being. In other words what 
makes important people pay attention to one subject rather than another, how 
their agendas change from time to time, and how they narrow their choices from a 
larger set of alternatives to very few [20–23]. These are the issues that the MSF seeks 
to explain. MSF views the policy process as composed of three streams of actors 
and processes. First, a problem stream consists of data about various problems 

167

Politics of Renewable Energy in Africa: Nature, Prospects, and Challenges
DOI: http://dx.doi.org/10.5772/intechopen.89019

and the proponents of various problem definitions. It may also consist of percep-
tions, opinions, and attitudes held by various members of the public and policy 
communities [20, 24]. Second, a policy stream which involves the proponents of 
solutions to policy problems that originate with communities of policy makers, 
experts and lobby groups. It is important to mention that the policy stream carries 
recommendations from researchers, advocates, analysts, who use their expertise to 
propose prospective solutions to them [24–26]. Third, a politics stream consists of 
elections and elected officials [20–23]. The politics stream also refers to factors such 
as changes in government, legislative turnover and fluctuations in public opinion. 
It must be mentioned that the political stream is often associated with contextual 
attributes such as the composition of ideas and values comprising national “moods” 
and the power shifts produced by legislative and executive turnover following 
events such as elections and cabinet shuffles that rotate the composition of policy-
makers and affect important events through the composition of political and 
legislative timetables [24, 27].

According to Kingdon [21], the streams normally operate independently of 
each other, except when a “window of opportunity” permits policy entrepre-
neurs to couple the various streams. The success of the policy entrepreneurs 
in the coupling venture may result in a major policy change [20, 24, 27]. These 
policy entrepreneurs are vested stakeholders who strategically engage with the 
streams to open or seize windows of opportunities to advance their favored 
solutions [23]. In this framework, it is observed that policy development towards 
addressing a socio-economic problem does not occur automatically; rather, it 
emerges from the complex interaction and intersection of the three streams, 
which leads to certain issues being taken up by governments [24]. In this study 
we seek to explore the politics, problem and policy streams in the renewable 
energy sector of Africa and whether these streams are being strategically linked 
to enhance the acceptance of governments or policy makers. Figure 1 illustrates 
the model.

3. Methodology

This study adopts a desk research methodology or desktop qualitative descrip-
tive method. Desk research refers to the use of secondary data or that which can 
be collected without fieldwork. To most people it suggests published reports and 
statistics. In the context of this paper, the term is widened to include all sources of 
information that do not involve a field survey. These include searching libraries and 
the internet for data or information.

Figure 1. 
Multiple Streams Framework. Source: Zahariadis [25].



Innovation in Global Green Technologies 2020

168

Data Sources: This paper benefitted extensively from text data on energy 
situation in SSA countries, renewable energy and its potential in Africa and other 
jurisdictions outside of Africa on the internet and in the libraries of University 
of Ghana and the Ghana Institute of Management and Public Administration 
(GIMPA).

Data Analysis: The information from the various sources of data were thor-
oughly studied and analyzed. Analysis was done with the objectives of the study at 
the background alongside the literature review.

4. The Africa energy situation

The Organization of African Unity (OAU) which is currently known as the 
African Union (AU) established the African Energy Commission (AFREC) 
through the Convention of the African Energy Commission (CAEC) adopted in 
Lusaka, Zambia, on 11 July 2001 and entered into force on 13 December 2006. 
After the Convention’s adoption, it was expected that all member countries of the 
AU will be part of it, but as at January 14, 2019, only 35 countries had consented 
to its enforcement. Article 4 of the CAEC indicates that the AFREC is expected to 
map out energy development policies, strategies and plans based on sub-regional, 
regional and continental development priorities and recommend their imple-
mentation in member countries. This energy commission architecture is hoped to 
propel Africa’s energy situation to its peak but the continent still records the lowest 
share in terms of access to power by its citizens. World Bank [28] records that the 
percentage of SSA population with access to electricity is pegged at approximately 
44.6%, which suggests that a lot still needs to be done for the people of Africa. It 
is observed that Africa’s energy sector is dominated by fossil fuels, hydro, nuclear 
and biomass (see Table 1).

Further, it must be pointed out that traditional biomass energy use (wood, 
charcoal, agricultural residues and animal waste) and fossil fuels contribute to 
respiratory illnesses in highland areas of sub-Saharan Africa because of the excess 
CO2 emissions [30]. This however calls for the need to look at other sources of 
clean energy supply. Tables below show the renewable energy potential of African 
countries (see Tables 2 and 3). Additionally, various types of renewable energy 
have been identified to exist and can be tapped by African countries, these include 
geothermal, hydropower, wind energy, solar and bioenergy. It must be pointed out 
that some countries have already taken the lead in tapping these forms of renewable 
energy (see Table 4).

Category 2000 2005 2010 2015

Production of electricity from biofuels and waste 135 163 187 349

Production of electricity from fossil fuels 29,921 37,321 44,975 62,212

Production of nuclear electricity 1,119 971 1,101 1,221

Production of hydro electricity 6,607 8,107 9,738 12,495

Production of geothermal electricity 37 77 126 329

Production of electricity from solar, wind, etc. 20 128 326 1,086

Source: Extracted from AFREC [29].

Table 1. 
Summary of Africa’s Total Energy Production (Ktoe) 2000–2015.
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5. Findings and discussion

This section of the chapter discusses the MSF perspective with respect to the 
identified constructs of the framework; problem stream, policy stream, politics 
stream, policy entrepreneurs and policy window. This is followed by an attempt 

Country 2009 (MW) 2018 (MW)

Congo DR 2514 2750

Egypt 3354 4813

Ethiopia 1443 4326

Ghana 1187 1659

Morocco 1520 3263

Mozambique 2198 2235

Nigeria 2087 2143

Sudan 1681 2136

Zambia 1723 2446

Source: Extracted from IRENA [31].

Table 2. 
Renewable energy capacity (MW) (leading African countries).

Country 2009 (GWh) 2017 (GWh)

Angola 3308 7897

Cameroon 4017 5106

Congo DR 7940 9287

Cote D’Ivoire 2132 2054

Egypt 15942 15957

Ethiopia 3593 12585

Ghana 6893 5672

Kenya 3923 8407

Malawi 1813 1915

Morocco 2976 4706

Mozambique 16994 14127

Namibia 1405 1526

Nigeria 7454 7803

South Africa 1648 10453

Sudan 3379 9484

Tanzania 2738 2611

Uganda 1458 3745

Zambia 10604 12537

Zimbabwe 5517 4214

Source: Extracted from IRENA [31].

Table 3. 
Renewable energy production (GWh) (leading African countries).
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to discuss the extent to which the three streams are being coupled for an effective 
energy transition on the African continent.

5.1 Problem stream

Proponents of the MSF are of the view that for a policy to be considered, 
it should be politically and technically feasible. Additionally, its capacity to 
address the corresponding problem that it is expected to address should be 
relevant. MSF Proponents have pointed out clearly that the problem stream may 
refer to policy problems in society that potentially require attention [22–25]. In 
the case of this study, it is observed that Africa’s economy is growing at unprec-
edented rate, and one of the core challenges associated with this economic 
growth is related to energy constraints. Specifically, economic growth, changing 
lifestyles and the need for reliable modern energy access require energy supply 
to be at least doubled by 2030 [32]. An investment of about US$43–55 billion 
per year is needed until 2030–2040 to meet demand and provide universal 
access to electricity. However, the present investment situation in the energy 
sector is about US$8–9.2 billion which is woefully inadequate [33]. Furthermore, 
it is estimated that over 645 million people do not have access to electricity. 
Again, out of the world’s 20 countries with the least access to electricity, 13 can 
be found in Africa, including Nigeria, Ethiopia, Democratic Republic of the 
Congo (DRC), Tanzania, Kenya, Uganda, (the former) Sudan, Mozambique, 
Madagascar, Niger, Malawi, Burkina Faso, and Angola [33]. This has however 
heightened the need to focus on tapping the enormous renewable energy poten-
tial in Africa that is untapped [33].

Again, energy security is a socio-economic and political factor that con-
tributes to sustainable development (SD) in any nation. Currently, the world is 
dominated by the usage of non-renewable energy such as fossil fuels. The use 
of non-renewable energy leads to the emission of large amounts of greenhouse 
gases (GHGs), which is considered to be the principal cause of climate change. 
Accordingly, the use of clean energy sources to reduce the release of carbon 
emissions is a key goal in reducing global warming and promoting sustainable 
development [33–36].

Renewable 
energy

Leading African countries 
with capacity (MW)

Leading African countries in production (GWh)

Geothermal Ethiopia, Kenya Kenya

Hydropower Congo DR, Egypt, Ethiopia, 
Ghana, Morocco, Mozambique, 
Nigeria, South Africa, Sudan, 
Zambia

Angola, Cameroon, Congo DR, Cote D’Ivoire, 
Egypt, Ethiopia, Ghana, Kenya, Malawi, Morocco, 
Mozambique, Namibia, Nigeria, South Africa, 
Sudan, Tanzania, Uganda, Zambia, Zimbabwe.

Wind Egypt, Ethiopia, Morocco, 
South Africa, Tunisia.

Egypt, Ethiopia, Morocco, South Africa, Tunisia.

Solar Algeria, Egypt, Morocco, 
Reunion, South Africa

Algeria, Egypt, Morocco, Reunion, South Africa

Bioenergy Eswatini, Ethiopia, South 
Africa, Sudan, Zimbabwe

Angola, Egypt, Eswatini, Kenya, Mauritius, 
Reunion, South Africa, Sudan, Tanzania, Uganda, 
Zimbabwe

Source: Extracted from IRENA [31].

Table 4. 
Types of renewable energy capacity and production in Africa.
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5.2 Policy stream

The policy stream in the view of MSF proponents pertains to the many potential 
policy solutions that originate with communities of policy makers, experts and 
lobby groups. This may also include recommendations from researchers, advo-
cates, analysts, and others in a policy community examining problems and using 
their (sometimes self-proclaimed) expertise to propose prospective solutions to 
them [24, 37, 38]. Many international energy organizations and researchers have 
proposed tapping the untapped African renewable resources in confronting the 
continent’s energy challenge [32, 33, 36]. Table 2 shows African countries that 
have renewable capacity of 1000 MW and above. Additionally, Table 4 shows five 
key renewable energy sources such as geothermal, hydropower, wind, solar and 
bioenergy alongside corresponding African countries with capacity to be tapped. It 
is however important to state that some African countries have already begun this 
effort but more attention should be geared toward that direction.

5.3 Politics stream

The third of the streams according to proponents of the MSF is the politics 
stream. Here, emphasis is placed on factors such as changes in government, legisla-
tive turnover following events such as elections and cabinet shuffles that rotate the 
composition of policy makers and fluctuations in public opinion [24, 25]. Although 
efforts were made in the early 2000s at the continental level with the adoption of 
the Convention of African Energy Commission, the renewables agenda has gained 
momentum in recent times due to the adoption of the AU Agenda 2063. This agenda 
is a shared framework for inclusive growth and sustainable development for Africa 
to be realized in the next fifty years. A new crop of African leaders have realized 
that African problems can only be solved by Africans, and so they agreed in 2013 
through the 50th Anniversary Solemn Declaration during the commemoration 
of the Fiftieth Anniversary of the Organization of African Unity (OAU) to bring 
forth the Agenda 2063 which consist of seven aspirations [39]. This is to guide 
individual member states in their own development planning. This has also led to 
some reforms in the AU especially the shift to self-financing of the AU policies and 
programs [40].

5.4 Policy entrepreneurs

Policy entrepreneurs are vested stakeholders who strategically engage with the 
streams to open or seize windows of opportunities to advance their favored solu-
tions [23]. The literature reveals that various bodies within member countries are in 
charge of energy in general and renewable energy to be specific [30, 41]. Aside the 
AFREC which is supposed to carry out research activities and inform policy direc-
tions of AU member states in the energy sector, many other international institu-
tions and NGOs either directly or indirectly influence Africa’s energy governance 
with their activities. Some of these actors include the International Energy Agency 
(IEA), the Intergovernmental Panel on Climate Change (IPCC), the United Nations 
Environment Programme (UNEP), the United Nations Framework Convention 
on Climate Change (UNFCCC), the World Bank, the European Renewable Energy 
Council (EREC), the OPEC, African Development Bank, International Renewable 
Energy Agency (IRENA), the Renewable Energy and Energy Efficiency Partnership 
(REEEP) and the Sustainable Energy for All (SE4ALL) [42]. Some of the strate-
gies adopted by these actors include for example the World Bank and AfDB may 
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Renewable 
energy

Leading African countries 
with capacity (MW)

Leading African countries in production (GWh)
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Source: Extracted from IRENA [31].

Table 4. 
Types of renewable energy capacity and production in Africa.
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5.2 Policy stream

The policy stream in the view of MSF proponents pertains to the many potential 
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their (sometimes self-proclaimed) expertise to propose prospective solutions to 
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proposed tapping the untapped African renewable resources in confronting the 
continent’s energy challenge [32, 33, 36]. Table 2 shows African countries that 
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bioenergy alongside corresponding African countries with capacity to be tapped. It 
is however important to state that some African countries have already begun this 
effort but more attention should be geared toward that direction.
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momentum in recent times due to the adoption of the AU Agenda 2063. This agenda 
is a shared framework for inclusive growth and sustainable development for Africa 
to be realized in the next fifty years. A new crop of African leaders have realized 
that African problems can only be solved by Africans, and so they agreed in 2013 
through the 50th Anniversary Solemn Declaration during the commemoration 
of the Fiftieth Anniversary of the Organization of African Unity (OAU) to bring 
forth the Agenda 2063 which consist of seven aspirations [39]. This is to guide 
individual member states in their own development planning. This has also led to 
some reforms in the AU especially the shift to self-financing of the AU policies and 
programs [40].

5.4 Policy entrepreneurs

Policy entrepreneurs are vested stakeholders who strategically engage with the 
streams to open or seize windows of opportunities to advance their favored solu-
tions [23]. The literature reveals that various bodies within member countries are in 
charge of energy in general and renewable energy to be specific [30, 41]. Aside the 
AFREC which is supposed to carry out research activities and inform policy direc-
tions of AU member states in the energy sector, many other international institu-
tions and NGOs either directly or indirectly influence Africa’s energy governance 
with their activities. Some of these actors include the International Energy Agency 
(IEA), the Intergovernmental Panel on Climate Change (IPCC), the United Nations 
Environment Programme (UNEP), the United Nations Framework Convention 
on Climate Change (UNFCCC), the World Bank, the European Renewable Energy 
Council (EREC), the OPEC, African Development Bank, International Renewable 
Energy Agency (IRENA), the Renewable Energy and Energy Efficiency Partnership 
(REEEP) and the Sustainable Energy for All (SE4ALL) [42]. Some of the strate-
gies adopted by these actors include for example the World Bank and AfDB may 
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target their lending activities to projects related to energy or renewable energy. 
The IRENA on the other hand may adopt innovative strategies to promote renew-
able energy by concentrating on a narrowly defined set of goals with regards to the 
deployment of renewables and additionally provide epistemic services as well [42]. 
The study shows that the policy entrepreneurs to push the renewable energy agenda 
are vast and wide, with some of them already in the process (WB, AfDB, IRENA, 
UNEP, and AFREC).

5.5 Policy windows

MSF proponents are of the view that policy windows present opportunities 
that pave the way for policy entrepreneurs to push their policy ideas to the policy 
makers/governments [24]. The AU Agenda 2063 is one of the continental policy 
windows with regards to the adoption of a renewable energy policy. The first 
aspiration of Agenda 2063 posits “a prosperous Africa based on inclusive growth 
and sustainable development” [39]. It could be argued that this aspiration opens 
doors to discuss issues of renewable energy which could aid in inclusive growth and 
sustainable development. Another important policy window is the rise in popula-
tion growth which has shifted focus on alternative sources of energy. Again, in 
recent times the increase in oil prices and the sustainable development Goals has 
further heightened interests in the call for renewable energy. As stated earlier, Goal 
7 enjoins all UN member states to ensure access to affordable, reliable, sustainable 
and modern energy for all [1].

Aside the above policy windows, two important global environment initiatives 
have also stimulated greater interest in renewables in Africa. The first was the 
United Nations Conference on Environment and Development (UNCED) held in 
Rio de Janeiro, Brazil in 1992. At this Conference, an ambitious environment and 
development document entitled “Agenda 21” was reviewed by one of the largest 
gathering of Government Heads of States and endorsed by a large number of multi-
nationals companies. Agenda 21 sought to operationalize the concept of sustainable 
development. In addition, the Rio Conference provided the venue for the second 
important event, the signing of the United Nations Framework Convention on 
Climate Change (UNFCCC) by 155 Governments. The Convention came into force 
in early 1994 after ratification by 50 States. Renewables featured in both Agenda 21 
and the Climate Change Convention. In addition, renewables featured high on the 
agenda of the Johannesburg World Summit on Sustainable Development (WSSD) in 
2002. In the UN-led implementation plan of action for the WSSD, dubbed WEHAB 
(which stands for Water, Energy, Health, Agriculture and Biodiversity), top priority 
was given to the renewables and other alternative forms of energy services. One of 
the targets proposed at WSSD was for every country to commit itself to meeting 
10% of its national energy supply from renewables [30].

5.6 Coupling the streams and the associated challenges

The multiple streams framework suggests that the ability of a policy 
entrepreneur(s) to strategically couple the streams of problem, policy and politics 
through a window of opportunity and with the consent of policy makers, gives 
a high possibility for a policy to be adopted or an issue to get to the agenda stage 
[20–25]. The ensuing discussion clearly reveals that all the necessary factors are 
in place as proposed by the MSF. The question to ask then is: Has coupling of the 
streams been successful on the continental level? The discussions above points 
to the fact that prospects are high especially when you want to focus on Goal 7 of 
the SDGs, that proposes that member states should ensure access to affordable, 
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reliable, sustainable and modern energy for all [1]. The contribution of Africa 
to ensure universal access to affordable, reliable and modern energy services, to 
increase substantially the share of renewable energy in the global energy mix and to 
enhance international cooperation to facilitate access to clean energy research and 
technology, including renewable energy are yet to be realized, as it is recorded that 
the percentage of Sub-Saharan African population access to electricity is still below 
average [28] and then the existence of substantial potential of renewable energy 
resources that also remain untapped [31, 33]. It must be quickly pointed out that 
these are early days yet as the SDGs were born barely 4 years ago and the AU Agenda 
2063 also about 6 years when it was agreed upon. This suggests that Africa has not 
been idle and it will be unfair on our part to gloss over the modest efforts being 
pursued by member countries of the AU.

However, despite the above, it is appropriate to focus attention on the factors 
that are likely to work against the efforts of African countries. First, it is observed 
that African countries differ in a number of ways, for example institutional frame-
works and governance systems differ greatly. Some have open systems whereas 
others still practice a closed system. According to Gordon [43], the Ethiopian state 
is tightly controlled by the ruling coalition, the Ethiopian People’s Revolutionary 
Democratic Front (EPRDF). The EPRDF is made up of four constituent par-
ties based on ethnic groups, consisting of the Tigrayan People’s Liberation Front 
(TPLF), the Amhara National Democratic Movement (ANDM), the Oromo 
Peoples’ Democratic Organization (OPDO), and the Southern Ethiopian People’s 
Democratic Movement (SEPDM). Ethiopia is regarded as a country with a very 
high public investment rate but a low private investment rate. As a result the largest 
companies in the country are state-owned; those found to be private are owned by 
close allies of powerful political elites. On the other hand, in Kenya for example, 
private companies have been present for decades and the country has become a hub 
for innovation in commercial off-grid and micro-grid systems [43]. These experi-
ences reflect different political, regulatory, and security environment and therefore 
poses contextual challenges to push for a collective renewable agenda without a 
comprehensive assessment and understanding of AU member states.

The legislative and regulatory constraints in many African countries make 
it difficult to embark on a sustainable energy policy that would be workable in 
national jurisdictions. Different states have their own strategies in dealing with 
similar issues. And so a one size fits all renewable energy strategy will not suf-
fice. Again, electoral related conflicts and other forms of ethnic-based violence in 
places like Congo DR, Sudan, Cote D’Ivoire, Kenya, Somalia, etc. poses security 
risks. Gordon [43] reports that the risk of protests represents the greatest physical 
threat to renewable energy assets. He recounts that between 2015 and 2018, protests 
recurred in Oromia, Amhara, and to a lesser extent in Addis Ababa and the Somali 
region. Protests often attracted thousands of people, and in Oromia and Amhara led 
to attacks on foreign businesses, particularly those that were either associated with 
the ruling party or those that were central to the government’s economic policy. 
Additional challenge is the overreliance on international financing. This comes 
with a lot of conditionalities that are sometimes unfavorable to the socio-economic 
and political environment of most African countries. This calls for carefulness and 
due diligence in international business transactions but at the same time to reduce 
undue delays in contract performance. A classic case is the Lake Turkana Wind 
Power Project in Kenya which took nine years to reach financial closure. There are 
other ongoing projects like the Corbetti Geothermal project in Ethiopia which has 
taken 7 years and still counting [43].

Also, the issue of infrastructure and skilled human resources leave much to be 
desired in this venture. It is observed that majority of infrastructure projects on 
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reliable, sustainable and modern energy for all [1]. The contribution of Africa 
to ensure universal access to affordable, reliable and modern energy services, to 
increase substantially the share of renewable energy in the global energy mix and to 
enhance international cooperation to facilitate access to clean energy research and 
technology, including renewable energy are yet to be realized, as it is recorded that 
the percentage of Sub-Saharan African population access to electricity is still below 
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these are early days yet as the SDGs were born barely 4 years ago and the AU Agenda 
2063 also about 6 years when it was agreed upon. This suggests that Africa has not 
been idle and it will be unfair on our part to gloss over the modest efforts being 
pursued by member countries of the AU.

However, despite the above, it is appropriate to focus attention on the factors 
that are likely to work against the efforts of African countries. First, it is observed 
that African countries differ in a number of ways, for example institutional frame-
works and governance systems differ greatly. Some have open systems whereas 
others still practice a closed system. According to Gordon [43], the Ethiopian state 
is tightly controlled by the ruling coalition, the Ethiopian People’s Revolutionary 
Democratic Front (EPRDF). The EPRDF is made up of four constituent par-
ties based on ethnic groups, consisting of the Tigrayan People’s Liberation Front 
(TPLF), the Amhara National Democratic Movement (ANDM), the Oromo 
Peoples’ Democratic Organization (OPDO), and the Southern Ethiopian People’s 
Democratic Movement (SEPDM). Ethiopia is regarded as a country with a very 
high public investment rate but a low private investment rate. As a result the largest 
companies in the country are state-owned; those found to be private are owned by 
close allies of powerful political elites. On the other hand, in Kenya for example, 
private companies have been present for decades and the country has become a hub 
for innovation in commercial off-grid and micro-grid systems [43]. These experi-
ences reflect different political, regulatory, and security environment and therefore 
poses contextual challenges to push for a collective renewable agenda without a 
comprehensive assessment and understanding of AU member states.

The legislative and regulatory constraints in many African countries make 
it difficult to embark on a sustainable energy policy that would be workable in 
national jurisdictions. Different states have their own strategies in dealing with 
similar issues. And so a one size fits all renewable energy strategy will not suf-
fice. Again, electoral related conflicts and other forms of ethnic-based violence in 
places like Congo DR, Sudan, Cote D’Ivoire, Kenya, Somalia, etc. poses security 
risks. Gordon [43] reports that the risk of protests represents the greatest physical 
threat to renewable energy assets. He recounts that between 2015 and 2018, protests 
recurred in Oromia, Amhara, and to a lesser extent in Addis Ababa and the Somali 
region. Protests often attracted thousands of people, and in Oromia and Amhara led 
to attacks on foreign businesses, particularly those that were either associated with 
the ruling party or those that were central to the government’s economic policy. 
Additional challenge is the overreliance on international financing. This comes 
with a lot of conditionalities that are sometimes unfavorable to the socio-economic 
and political environment of most African countries. This calls for carefulness and 
due diligence in international business transactions but at the same time to reduce 
undue delays in contract performance. A classic case is the Lake Turkana Wind 
Power Project in Kenya which took nine years to reach financial closure. There are 
other ongoing projects like the Corbetti Geothermal project in Ethiopia which has 
taken 7 years and still counting [43].

Also, the issue of infrastructure and skilled human resources leave much to be 
desired in this venture. It is observed that majority of infrastructure projects on 
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the continent were financed by large international agencies because of the large 
costs involved. Also, the unstable economic environments highlighted in currency 
exchange rate fluctuations, depreciation and high interest rates do not provide 
opportunities for indigenous businesses to thrive.

Additionally, inadequate planning policies, lack of co-ordination and linkage in 
the Renewable Energy Technology program, weak dissemination strategies, poor 
baseline information and, weak maintenance service and infrastructure [30] are 
crucial challenges that should not be ignored. It is important to state that there is 
always an advantage in cooperation, and so the prospects to consider renewable 
energy as a very important energy source in Africa’s energy mix should be sustained 
at worst and intensified at best if Africa is to make any meaningful contribution to 
the SDGs and its own Agenda 2063.

6. Conclusion and policy implications

This study has added to the extant literature on energy transition by explor-
ing the situation in Africa and how best the continent can increase its energy mix 
with a focus on renewable energy. The study has clearly demonstrated that the 
energy situation in Africa has been dominated by fossil fuels which cause excessive 
emission of CO2 in to the atmosphere leading to climate change with its attendant 
consequences. A number of development opportunities have opened the door for 
discussions on renewable energy in Africa and the world at large. Excerpts of these 
opportunities include the famous SDGs, the AU Agenda 2063, the Earth Summit in 
Rio, the World Summit on Sustainable Development in Johannesburg, South Africa 
in the year 2002 and other important multilateral and bilateral treaties. Again, the 
study has revealed that the dominant renewable energy resources on the continent 
include geothermal, hydropower, wind energy, solar and bioenergy; and that many 
countries have already taken the lead in exploiting these resources [31].

Moreover, the study has shown that from the MSF perspective, the prospects of 
transitioning to renewable energy is high, in the sense that, the problem has been 
clearly defined as the huge gap in energy supply to the growing African popula-
tion, the cost and scarcity associated with fossil fuels, and the excessive emission 
of greenhouse gases into the atmosphere leading to climatic changes by fossil 
fuels. African political elites and international actors have all agreed that renew-
able energy is not a bad idea and can add significantly to the energy mix in Africa. 
However, the challenge of political insecurity, infrastructural inadequacies, confu-
sion in regulatory and institutional frameworks in some African countries, lack of 
skilled manpower, initial cost and investment risks are but a few of these challenges 
that require enormous attention if progressed is to be witnessed in the renewable 
energy venture.

Furthermore, in order to make significant progress in attaining the renew-
able energy objective as reflected in SDG Goal 7 by African countries, five main 
policy implications are worth considering. First, there should be conscious efforts 
of planning and developing a comprehensive renewable energy implementation 
framework for African countries with AFREC providing a supervisory role to 
ensure that AU member states are prioritizing renewable energy considerations in 
their domestic energy policies and programs. Second, efforts should be made to 
carefully select renewable energy technologies that are conducive to the African 
environment. In doing this, there should be a deliberate attempt by governments 
to train Africans in various aspects of renewable energy technologies. Third, the 
economic environment should be made conducive to attract and support indigenous 
Africans who are interested and want to embark on renewable energy investments. 
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Fourth, governments should take it upon themselves to ensure that regulatory 
and institutional frameworks are harmonized, made simple, easily accessible and 
easily understood to clearly define the parameters for investors, governments and 
the citizens/indigenous people. Fifth, AU member states can and should explore 
the option of trading electricity among themselves to widen the market base for 
renewables and curb the challenge of intermittent power supply. In conclusion, 
renewable energy comes along with many prospects in promoting national develop-
ment; as a result, serious attention should be given to it at the national, sub-regional 
and continental levels.
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InfraCo Africa InfraCo Africa is part of the multilateral Private Infrastructure 
Development Group (PIDG). InfraCo Africa seeks to alleviate pov-
erty by mobilizing private investment into infrastructure projects 
in sub-Saharan Africa’s poorest countries to the highest standards.

IPCC Intergovernmental Panel on Climate Change – This is the UN body 
for assessing the science related to climate change. It provides 
regular assessments of the scientific basis of climate change, its 
impacts and future risk and options for adaptation and mitigation.

IRENA International Renewable Energy Agency – An intergovernmen-
tal organization that supports countries in their transition to 
a sustainable energy and serves as the principal platform for 
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international co-operation, a center of excellence, and a repository 
of policy, technology, resource and financial knowledge on renew-
able energy.

Ktoe Kiloton of Oil Equivalent – This is a unit to measure the amount of 
Energy released by burning a thousand tonnes of crude oil.

MSF Multiple streams framework – A theory developed by John 
Kingdon to explain agenda setting in the policy making process.

MW Mega Watt – This is a unit of power equal to one million watts, 
especially as a measure of the output of a power station.

PIGD Private Infrastructure Development Group – It encourages and 
mobilizes private investment in infrastructure in the frontier 
markets of sub-Saharan Africa, south and south-east Asia, to help 
promote economic development and combat poverty. Since 2002, 
PIDG has supported 154 infrastructure projects to financial close 
and provided 222 million people with access to new or improved 
infrastructure.

REEEP Renewable energy and energy efficiency partnership – A body that 
develops innovations, efficient financing mechanisms to advance 
market readiness for clean energy services in low and middle-
income countries.

SE4ALL Sustainable energy for all – An independent not for profit inter-
national organization with headquarters in Vienna, Austria. Some 
of its priority areas include electricity for all in Africa, energy for 
displaced people, energy and health, etc.

UNEP United Nations Environment Programme – It is part of the UN sys-
tem. It is the arm of the UN that takes charge of all environment-
related issues.

UNFCCC United Nations Framework Convention on Climate Change – It is 
part of the UN system, and established in 1992. It is tasked with 
supporting the global response to the threat of climate change.
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