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Abstract: The main aim of this review is to present the current state of the research and applications of
superconductivity and plasma technologies in the field of energy and environmental protection. An
additional goal is to attract the attention of specialists, university students and readers interested in the
state of energy and the natural environment and in how to protect them and ensure their sustainable
development. Modern energy systems and the natural environment do not develop in a sustainable
manner, thus providing future generations with access to energy that is generated from renewable
sources and that does not degrade the natural environment. Most of the energy technologies used
today are based on non-renewable sources. Power contained in fuel is irretrievably lost, and the
quality of the energy is lowered. It is accompanied by the emissions of fossil fuel combustion products
into the atmosphere, which pollutes the natural environment. Environmental problems, such as
the production of gaseous and solid pollutants and their emission into the atmosphere, climate
change, ozone depletion and acid rains, are discussed. For the problem of air pollution, the effects of
combustion products in the form of carbon oxides, sulfur and nitrogen compounds are analyzed. The
plasma and superconductivity phenomena, as well as their most important parameters, properties
and classifications, are reviewed. In the case of atmospheric pressure plasma generation, basic
information about technological gas composition, pressure, discharge type, electromagnetic field
specification, electrode geometry, voltage supply systems, etc., are presented. For the phenomenon
of superconductivity, attention is mainly paid to the interdependencies between Tc, magnetic flux
density Bc and current density Jc parameters. Plasma technologies and superconductivity can offer
innovative and energy-saving solutions for power engineering and environmental problems through
decreasing the effects of energy production, conversion and distribution for the environment and by
reductions in power losses and counteracting energy quality degradation. This paper presents an
overview of the application of technologies using plasma and superconductivity phenomena in power
engineering and in environmental protection processes. This review of plasma technologies, related
to reductions in greenhouse gas emissions and the transformation and valorization of industrial
waste for applications in energy and environmental engineering, is carried out. In particular, the most
plasma-based approaches for carbon oxides, sulfur and nitrogen compounds removal are discussed.
The most common plasma reactors used in fuel reforming technologies, such as dielectric barrier
discharge, microwave discharge and gliding-arc discharge, are described. The advantages of solid
waste treatment using plasma arc techniques are introduced. Applications of superconductors for
energy generation, conversion and transmission can be divided into two main groups with respect to
the conducted current (DC and AC) and into three groups with respect to the employed property (zero
resistivity, ideal magnetism/flux trapping and quench transition). Among the superconductivity
applications of electrical machines, devices for improving energy quality and storage and high
field generation are described. An example that combines the phenomena of hot plasma and
superconductivity is thermonuclear fusion. It is a hope for solving the world’s energy problems
and for creating a virtually inexhaustible, sustainable and waste-free source of energy for many
future generations.
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1. Introduction

More than two centuries of unprecedented intensive technological development and
continuous population growth have contributed to profound changes in the human natural
environment and to its significant degradation. These changes apply equally to air, water
and soil and are the result of the dynamic development of the economy, especially the
energy and chemical industry, the impact of which covers the entire Earth.

Starting at the end of the 19th century, rapid technological development caused
the present world to struggle with many problems, which, apart from environmental
pollution, include:

power losses and degradation of energy quality;
reductions in natural energy resources;

air, water and soil pollution;

hazardous and radioactive waste;

climate change and global warming;

acid rain;

periodic ozone depletion in the atmosphere;
electromagnetic smog and noise.

The above-mentioned problems are mostly the result of generation, distribution and
multiple energy conversions. Electricity generation is the largest contributor to the supply of
energy and also plays a great role in both the production of pollutants and in their removal.

More than two thirds of the world’s electricity is produced by the combustion of solid,
liquid and gaseous fuels, the products of which and their emissions into the atmosphere
cause local and global phenomena that are unfavorable for the environment. Transport,
energy generation, its processing and use, municipal management heating and waste
incineration have the largest shares in the production of gaseous and solid pollutants in the
atmospheric air and consequently in water and soil as well.

Contemporary energy systems, largely based on the production of energy from non-
renewable sources, are not sustainable, and the fight against the above-mentioned problems
is one of the major ecological challenges of the 21st century.

Technologies using the phenomena of superconductivity and plasma can contribute to
the improvement of this situation by reducing power losses; by preventing the deterioration
of energy quality in the processes of its production, processing, distribution and use; and
by reducing the emissions of solid, liquid and gaseous pollutants into the atmosphere.

The Department of Electrical Engineering and Electrotechnologies of Lublin University
of Technology from 2003 to 2005 within the 5th EU Framework Programme, has been
coordinating the following project: ENK6-CT-2002-80668 entitled “Centre of Excellence for
the Application of Superconducting and Plasma Technologies in Power Engineering” with
the acronym CoE ASPPECT (http:/ /bc.pollub.pl/dlibra/publication/231/edition/195?
language=pl, accessed on 29 April 2022).

One of the most valuable results of the project was establishing the only Centre of
Excellence in the Lublin Region that carries out research and education activities in the
field of superconductivity and plasma technologies and for their application in power
engineering. As a result of financial resources from both the EU and from Poland’s new
seat of the Centre ASPPECT for research, education, necessary laboratory and presentation
equipment, library resources and back-up facilities were built. In 2006, the new seat of CoE
ASPPECT was officially opened and started to play the role of the scientific and research
base for local industries and small and medium enterprises.

The development of superconductivity and plasma-based technologies dates back to
the beginning of the 20th century, when the phenomena were both discovered and named.
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In the first two decades of the 21st century, many publications were published, presenting
research confirming the possibility of using superconductivity [1-4] and plasma technolo-
gies [5-23] in the processes of energy production, processing and
distribution [24-28], and in environmental protection processes whose main components—
air, water and soil—degrade year by year [29-32].

One of the energy technologies of the future that combines the phenomena of supercon-
ductivity and plasma is thermonuclear fusion [33]. A recent stage of theoretical knowledge
and technological development of existing fusion reactors, which are experimental thus far,
allows the assumption that, as a result of reactions taking place inside the sun, mankind will
be able to produce electricity without a carbon footprint and other waste that accompanies
modern energy technologies, even until the end of current century.

This paper reviews selected applications of plasma and superconducting technologies
that are already used in energy and environmental engineering and that have a chance to
be used in the near future.

2. Energy Generation, Conversion and Utilization and Its Sustainable Development

The first signals about hazards to the natural environment were announced 55 years
ago, in the report of the then Secretary General of the United Nations “Man and his
environment” [34], in which it was noted that the crisis in human—environment relations
had reached a global dimension, covering not only highly industrialized and developing
countries. Another 20 years passed, and at the UN 21st conference in Rio de Janeiro
in 1992 [35], it was unequivocally confirmed and highlighted that there were deep and
global changes in the human environment. It was then that the principles of sustainable
development were defined, which can be briefly formulated as a way of managing Earth’s
resources to meet the present and future needs of generations and to ensure harmony
between development and the need to protect the natural environment.

The agenda of the 21st Rio de Janeiro Conference formulated a program of actions
to ensure sustainable development, and most representatives of the governments of the
countries participating in the conference endorsed this strategy. In the part concerning
the development of energy systems, we read [35]: “The need to control atmospheric emissions
of greenhouse and other gases and substances will increasingly need to be based on efficiency
in energy production, transmission, distribution and consumption, and on growing reliance on
environmentally sound energy systems, particularly new and renewable sources of energy”.

In order to implement this principle in practice, it is necessary, inter alia, to: compe-
tently and efficiently use energy resources, strive to minimize losses and waste and develop
scientific research and innovations. The above-mentioned directions for the implementa-
tion of the principles of sustainable development apply equally to every human activity;
nevertheless, in the case of energy, they take on special importance.

In every energy system, its final product—energy—is the result of many successive
energy transformations, from obtaining primary energy carriers (solid, liquid and gaseous
fuels, nuclear energy, sun, water, wind, tides, etc.), through their transport, distribution
and multiple conversions until final energy is obtained. This chain of changes causes many
problems related to power loss and the degradation of energy quality, and it contributes to
environmental pollution.

Martenson, in [36], stated that power losses during the extraction, transformation
and transmission of energy, and in the receiver itself, account for over 90% of primary
energy, and the combustion of non-renewable fossil fuels is a source of environmental
pollution. Figure 1 shows an example of a chain of energy transformations from fuel
extraction to obtaining energy in a simple, common and necessary everyday-life receiver: a
light bulb. From one kilowatt hour of fossil fuel, several dozen watt hours of light energy
can be obtained.
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Figure 1. An example of a conventional energy system.

Modern energy systems are not sustainable. Most of them are based on the production
of energy from non-renewable sources. Much of the power contained in fuel is irretrievably
lost, and the quality of the energy is lowered. It is accompanied by the emission of fossil
fuel combustion products into the atmosphere, which pollutes the natural environment.
Despite the passage of almost three decades, Figure 1 is still largely valid, and energy
systems based on fossil fuels as well as liquid and gaseous fuels are doing well and are still
being developed, even in highly developed countries.

2.1. Environmental Protection Problems

Technologies related to transport, energy generation, heating and the incineration of
industrial and municipal waste have the largest shares in the production of gaseous and
solid pollutants and their emissions into the atmosphere. The percentage shares of the
above-mentioned technologies in the global pollution are [37-39]:

e transport (60%): nitrogen, carbon oxides and sulfur compounds, as well as solid
pollutants, are the precursors of acid rain, and global emissions of CO, have increased
by over 20% over the last 30 years;

e industry (16%): a source of pollutants of a great variety, the largest amounts of which
are generated by the metallurgical, cement and chemical industries;
energy generation (15%);
heating (6%);
waste incineration (3%).

Table 1 shows the side effects and perpetrators of the three most spectacular environ-
mental pathologies—climate change, ozone depletion and acid rain—observed in recent
decades as a result of intense technological development. Most of the problems listed in
Table 1 are the result of generation, distribution and multiple energy conversions.

Table 1. Environmental problems: phenomena, perpetrators and effects, reproduced from [17] with
the permission of the author. Data were obtained from reference [40].

Phenomenon

Main Perpetrators Side Effects

Climate change

- carbon dioxide (CO,) from energy and
industrial processes, transport
- methane (CHy) from the production and

use of energy, agriculture and - sealevels rising

artificial fertilizers - extreme climatic phenomena, such as
- nitrogen oxide (N>O) from soil floods, droughts and storms of

cultivation, biomass combustion and unprecedented strength

fossil fuels - pollution of air, water and soil.

- chlorofluorocarbons (CFCs) from
industrial activities, refrigeration and
aerosol production
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Table 1. Cont.

Ozone deficiencies
in the atmosphere

- chlorofluorocarbons (CFCs)

- hydrochlorofluorocarbons (HCFCs) ) o

- methyl bromide (CH;3Br) from - increased cancer incidence
agricultural activities and - damage to marine ecosystems

biomass combustion

Acid rain

- fish and plant death caused by

- sulfur dioxide (5O;) and nitrogen oxides acidic environments
(NOy) from the combustion of fossil fuels - dama.ge to stru.ctures and
- ammonia (NH3) from building materials

- easier penetration of heavy metals and

agricultural activities
nitrogen compounds into groundwater

2.2. Pollution of Air, Water and Soil

Air pollution is the biggest environmental problem, because combustion products in
the form of volatile carbon compounds, sulfur and nitrogen are often transported with the
wind to regions distant from the place of production. There, reacting with moisture in the
atmosphere, they form acids and seep into surface waters with rainfall, causing acidification
of the environment, damaging vegetation and adversely affecting water resources and soil.

The production of carbon oxides (CO and CO,) and other volatile organic substances
(VOC) is growing rapidly and results in the release of huge amounts of carbon into the
environment. Organic carbon compounds containing chlorine, iodine, bromine and flu-
orine did not exist in the atmosphere in pre-industrial times and are the main cause of
periodic ozone depletion in the upper atmosphere (ozonosphere) as well as global warming.
Produced in the combustion of fossil fuels and other compounds, sulfur oxides (SOx),
hydrogen sulfide (H,S) and sulfurous and sulfuric acids (H,SO3; and HpSO4) are among the
main pollutants of the environment. In the presence of water vapor, they form acids that
cause acid rain. High-temperature combustion processes generate nitrogen compounds:
nitrogen oxides (NOyx, NO,, NoO) and ammonia (NHj3), which are largely the result of
natural nitrogen release from seas and land, but about 40% of these compounds are released
during the combustion of fuels and biomass and from the use of nitrogen fertilizers. It is
worth mentioning that solid pollutants (dust, soot, coal ash, lubricants, lime, metal oxides,
asbestos, silicon compounds (5iO,), antimony, zinc and radioactive isotopes) can have
different dimensions, from 30 to 0.01 pm and smaller. Larger particles of solid pollutants
quickly settle on the earth’s surface, but smaller particles stay in the atmosphere for a long
time, forming aerosols [37].

Water resources and quality are fundamental to life on Earth and to all activities.
The main problems with water quality are related to biological and chemical pollution.
Biological pollutants are bacteria, viruses and some higher-order organisms that occur
naturally in water or that are the result of human activity. They can be a source of diseases
and epidemics of a wide range. Chemical pollutants generated during industrial processes,
agricultural activities or land and waste management are in the form of sediments from
toxic substances, fertilizers and sewage and are the cause of soil contamination. We can
see many examples of the negative impacts of technology and human activity on water
quality, covering large areas and huge amounts of it. One of such phenomena is industrial
and municipal waste, including toxic waste, the storage, neutralization and utilization of
which cause air, surface, groundwater and soil pollution. One of the methods of removing
magnetic and paramagnetic solid contaminants from water is electromagnetic separation,
as well as superconducting.

Soil and land are also subject to adverse impacts related to agricultural activity and
the use of artificial fertilizers, which significantly contribute to the deterioration of their
biological and chemical quality. The treatment of soil in order to remove harmful bacte-
ria, fungi, mold and organic and inorganic pollutants is carried out by physical methods
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(high temperature, UV radiation, microwaves and ultrasound), chemical methods (chlo-
rine, methyl bromide, hydrogen peroxide, sodium hypochlorite, ozone, bromine and
iodine) and biological methods (microorganisms and bacterial strains producing enzymes
and surfactants).

All methods are used to a greater or lesser extent in research laboratories and in
practice. Chemical methods are harmful to the environment, and the aim is to limit their
use, especially in highly industrialized countries which have committed to the Montreal
Declaration to end the use of methyl bromide, CH3Br, as a soil sterilization substance
by 2005. Methyl bromide is considered to be a substance responsible for the long-term
effects of environmental pollution, including damage to the ozone layer. Hence, there
is a need to search for alternative soil sterilization methods and an interest in plasma
methods, especially in ozone generated during electrical discharge in air or oxygen, the
strong sterilization and bactericidal properties of which are known and have been used for
a long time in water and wastewater treatment processes.

Toxic waste, including post-hospital waste, has been a serious problem in recent
centuries. Much of this waste is either stored underground or dumped. Building new
landfills does not solve the problem. One of many solutions may be the use of plasma
reactors for the disposal of toxic solid waste. With this technology, it is also possible to
neutralize gaseous pollutants generated in waste incineration processes.

More often, as has been recently observed in nature, ecological disasters that are both
natural (earthquakes, volcanic activity, and floods), and those that result from human
activities (nuclear power plant disasters, leaks of various chemicals during their transport,
fires, etc.) also cause air, water and soil contamination.

The progressive increase in demand for electricity also brings challenges for the power
industry in order to develop technologies allowing for the efficient and environmentally
compliant generation of electricity. In recent times, the greatest potential opportunities lies
in the use of renewable energy sources, solar energy in particular. It can be used to power
mobile plasma installations for the treatment of water, air and soil, especially in highly
sunny areas, in order to avoid environmentally harmful chemical technologies [31,32].

The proper use of electromagnetic technologies, including superconducting and
plasma technologies, has partially reduced the environmental impact of energy generation
and conversion processes. It has reduced power losses and has prevented the deterioration
of energy quality, but many problems still remain to be solved.

3. Plasma and Superconductivity Phenomena as Media for Power Engineering and
Environmental Applications

The development of superconducting and plasma technologies dates back to the
beginning of the 20th century, when the phenomena on which they are based were discov-
ered and named. The main factor underlying both phenomena is temperature. Plasma
and superconductivity occupy opposing ranges on the thermodynamic temperature scale
(Figure 2). The phenomenon of superconductivity is a combination of the magnetic and
electrical properties of a material (metals and alloys) manifested by the disappearance
of electrical resistance, accompanied by the forces of magnetic ordering. We distinguish
between low (temperatures close to absolute zero) and high-temperature superconductivity
(30 K and higher).



Energies 2022, 15, 4092

7 of 30

Formation and disintegration of atomic nuclei
Nuclear forces

Nuclei gas {
|lnugas"

Plasma

Formation and disintegration of atomic shells
Electrostatic forces

Live processes

Gas-liquid-solid
processes

Magnetic
ordering
forces

Superconductivity

0K

Figure 2. Thermodynamic scale of temperatures with marked phenomena of plasma and superconductivity.

A much larger part of the thermodynamic scale presented in Figure 2 is occupied
by plasma, an ionized gas with electrically conductive properties, known as the 4th state
of matter, whose particles such as electrons, ions and neutrals have energies between
0.05 eV and 10* eV. Both phenomena (in addition to the thermodynamic temperature scale)
combine the growing possibilities of applications in various areas and scientific disciplines,
including those related to the sustainable development of energy and the environment. At
the top of the thermodynamic scale, hot plasma with a temperature of 100 MK can be used
in the future for the production of electric energy in nuclear fusion in ITER reactors.

3.1. The Plasma Phenomenon: Properties and Classification

The history of plasma research dates back to the mid-eighteenth century, but the
concept of plasma was first introduced by the American scientist Irving Langmuir in 1923.
Nevertheless, from the beginning of the 20th century, plasma was used technologically as a
result of German scientists and industrialists, brothers Werner and William Siemens, who
built and applied the first practical ozone generator (1857) and the first arc furnace (1878).
Soon after, plasma ozone-generating installations for the disinfection of drinking water in
Nice (1907) and St. Petersburg (1908) began to work.

Plasma as a technological medium can be produced in a very wide range of tem-
peratures and pressures. In addition to temperature and pressure, important criteria for
the division of plasma are the degree of ionization and the type of thermodynamic and
kinetic equilibrium of its particles. At very low pressures, even at a temperature close to
ambient, it is possible to generate non-thermal (cold) plasma. At atmospheric pressure, the
production of even weakly ionized plasma during electric discharge requires high values
of gas ionization voltages and appropriate designs of plasma reactors.

One of the important features of plasma is the ability to control its parameters within
wide limits. These include: the chemical composition of the working gas; pressure; dis-
charge geometry; the structure of the electromagnetic field, internal or external; the absence
or presence of electrodes; the presence of a dielectric; the volume of the discharge space;
and the parameters of the supply system (power, voltage, frequency, number of phases,
shape of the supply voltage and internal impedance of the power supply). The power
supply system may decide the possibility of the practical use of plasma technology for the
improvement of the natural environment and its sustainable development [1,17,41].



Energies 2022, 15, 4092

8 of 30

3.2. Superconductivity: Properties and Classification

In 1911, Heike Kamerlingh Onnes found that, at 4.2 K, the resistance in a solid mer-
cury wire immersed in liquid helium suddenly vanishes. Since then, research on super-
conductivity has been developing. The first attempts to build transformers with Nb-Ti
low-temperature superconductor windings operating at the temperature of liquid helium
were unsuccessful. A total of 75 years after Onnes’s discovery, in 1986, as a result of the
research of ].G. Bednorz and I. Miiller on high-temperature ceramic superconductors at
the temperature of liquid nitrogen and higher, practical applications of this technology
became possible. These materials are currently the main group of superconductors used in
energy applications (with the exception of a small group of LTS materials used mainly in
low-temperature electromagnets for strong magnetic fields) [12].

Superconducting materials, especially in relation to energy applications, are charac-
terized by two important properties: zero (negligible) resistivity and ideal diamagnetism,
usually coexisting together with the phenomenon of magnetic flux trapping. The first
property allows one to obtain much higher power densities in energy applications than for
conventional copper wires, whereas the second one is used in various types of applications
requiring magnetic field interactions (such as in magnetic bearings).

The properties of superconducting materials occur basically below a certain tempera-
ture, called the critical temperature Tc. For a given superconducting material, the Tc is one
of the most important characteristic quantities (defined for the self-magnetic field at atmo-
spheric pressure). This temperature also determines the classification of the superconductor
for two main groups of materials: LTS or HTS. There is also a small group of relatively
newly discovered materials with a critical temperature in a range between LTS and HTS.
This group includes, among others, MgB,, a material having promising properties for
energy applications [42].

However, the critical temperature Tc is not the only parameter that defines the occur-
rence of superconductivity. In order to the obtain superconducting properties of materi-
als, the magnetic flux density Bc and the current density Jc cannot be exceeded. These
three quantities, called critical (Tc, Bc and Jc), are interrelated and define the surface of
the critical parameters for a given superconductor, such as that which is presented in
Figure 3. It determines the maximum possible transport current flowing in the wire under
superconducting properties.

Current density

Figure 3. An example of the surface of critical parameters in a superconducting material.
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The critical current density Jc is also indirectly limited by power losses generated in
superconductors (power losses are sources of heat, therefore increasing the temperature).
The smallest power losses are generated for DC current. Hence, superconductors are
the most often used in DC systems, and the critical current densities in such conditions
are the highest. Additional power losses (generally known as AC losses) occur in AC
systems. Within these losses, two basic components can be defined: transport losses
and magnetization losses. The occurrence of AC losses causes superconductivity in AC
applications to exist only in the grid frequency range. The most common applications are
transformers and armature windings of AC motors (existing together with an excitation
winding in what is known as a full superconducting motor) [43]. Thus far, attempts to
develop high-frequency AC applications, such as wireless power transmission, have not
been successful [44].

The transition from superconducting to a resistive state in superconductors, called a
quench, is most often an undesirable phenomenon, and when it occurs in an uncontrolled
manner, it usually leads to the destruction of the device. However, there is an area of
superconducting applications that exploits the quench transition. These applications are
superconducting fault current limiters (SFCL). This class of devices have several different
types and use different properties of superconductors.

The examples of superconducting applications presented above are related mostly to
the zero resistivity property. These applications are constructed usually with a supercon-
ductor as an electrical wire (conductor). However, there is a group of superconducting ap-
plications that takes advantage of another property of these materials: ideal diamagnetism
(most often together with magnetic field trapping). In such applications, superconductors
most often are in the form of a massive superconductor (bulks). In a superconductor, placed
in the presence of a magnetic field, a strong eddy current is induced, shielding the interior
of the superconductor from the external magnetic field. Hence, such a superconductor
behaves like an ideal diamagnetic material. This property is used in magnetic shielding
systems and in passive levitation systems (the superconductor, as a diamagnetic material,
does not require additional stabilization in the levitation system). Additionally, if the
superconductor is cooled down in the presence of an external magnetic field, this field is
trapped on defects of the superconducting lattice. The effect of “remembering” the shape of
the external magnetic field in superconductors is observed. This property is mainly used in
levitation systems and in magnetic bearings. Trapped magnetic fields cause the levitation
phenomenon to occur regardless of the direction of the gravity force, and the operation of
magnetic bearings in any position in relation to the force of gravity is possible.

To summarize, the applications of superconductors for energy generation, conversion
and transmission can be divided into two main groups with respect to the conducted
current (DC and AC) and into three groups with respect to the employed property (zero
resistivity, ideal magnetism/flux trapping and quench transition). The most important
applications dedicated for the energy sector are presented in Table 2.

Table 2. Applications of superconductivity in energy conversion.

Zero Resistivity

Ideal Diamagnetism/Flux Trapping Quench Transition

DC cables
SMES coils/magnets
Excitation winding (synchr. machines)

Magnetic levitation
Magnetic bearings

DC current - Induction heating Excitation bulks (sypchr_. machines)
_ Magnetic separation Superconducting shielding
- ACccables .
Transformers - Superconducting fault
AC current

Armature windings for AC machines

current limiters
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The properties of superconductors mentioned in this section and listed in Table 2
demonstrate only the basic possibilities of the use of these materials in energy applications.
More detailed descriptions of superconducting applications and their potential in the field
of electrical engineering and energy are presented in Section 5.2 of this paper.

4. Review of Plasma Applications for Energy and the Environment

Contemporary applications of plasma reactors are material, chemical, and environ-
mental protection technologies as well as biotechnologies.

The transformations of the physicochemical properties of gas, as well as its momentum
and energy as a result of electrical discharges occurring in it, are the basis of plasma
applications in various areas. Processes such as surface modification, etching, thin layer
deposition, powder production, ozone production, plasma gas and wastewater treatment,
thermal waste treatment, etc., result from changes in the physicochemical properties of
plasma particles. Obtaining plasma beams for laser technology, rocket propulsion, radiation
generation and plasma light sources is possible as a result of the momentum and energy
transformations of plasma particles. Light sources and metallurgy are the oldest plasma
technologies used in practice.

The last decades of the twentieth century were another renaissance of plasma methods
and new applications for already-used electrical discharges, which have always been
the main source of plasma for technological purposes. These include such large areas
of application as: micro-electronics; technologies for the production of semiconductors;
superconducting; and organic, bio- and nanomaterials.

The twenty-first century is the era of new materials and their production technologies,
which are now mostly based on plasma and laser technologies. The latter are closely related
with plasma, which is often a medium that strengthens laser beams (laser pumping) and
are classified directly among plasma technologies.

Non-thermal plasma, generated by electric discharges, has more and more often been
used in biotechnologies as a medium that enables biochemical processes to be carried out
at an atmospheric pressure, at ambient temperatures and without waste that is harmful to
the environment.

The environmental applications of plasma generated by discharges in air or in oxygen
include [15-22,24-27,30,45-49]:

e reducing nitrogen oxides from flue gases from natural gas combustion: removing
nitrogen oxides NOy, sulfur dioxide SO,, heavy metals and volatile organic substances
(VOC) generated in the processes of painting, varnishing and waste incineration
disposal and in other chemical processes;

e recycling and removing pollutants: the decomposition and incineration of organic,
volatile and solid waste; exhaust gases from diesel engines; used batteries, and printed
circuit boards, by using arc and quasi-arc plasmas;

e supporting chemical reactions: the selective removal of acetylene from ethylene; the
decomposition of ethylene, trichlorethylene, ethyl acetate and toluene; the production
of gaseous hydrogen and soot through the decomposition of hydrocarbons.

Thus far, many types of both warm and cold plasma reactors used in processes related
to environmental protection have been tested. The main electrical discharges that generate
warm equilibrium plasma are arc discharges (AD), microwave (MWD), plasma torches (PT)
and plasmatrons, whereas non-thermal (cold) and non-equilibrium plasma are produced
by barrier dielectric discharges (DBD), atmospheric pressure glow discharges (APGD),
corona (CD) and gliding arc (GAD) [16,22,24,25,50-60].

The potential of these devices has been confirmed many times in the removal of
nitrogen oxides NOy, sulfur dioxide SO, from flue gases and heavy metals and volatile or-
ganic compounds VOCs produced in painting, varnishing and chemical processes. Plasma
molecules easily react with various chemical substances, which allows for the decomposi-
tion of toxic compounds, the modification of polymer structures, etc.
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Research works on the use of plasma in technologies related to environmental protec-
tion are aimed at, among others:

e the assessment of the suitability and effectiveness of various types of electrical dis-
charges for the production of non-thermal plasma, especially at atmospheric pressure;
improving the process of generating electrons initiating the process of removing pollutants;
achieving the desired composition of the final gas mixture and a high degree of
conversion of harmful compounds by adding admixtures and catalysts (water vapor
and ammonia);
minimizing energy consumption;
matching the electric power source to the plasma reactor.

The chosen applications of both thermal and nonthermal plasma for energy and the
environment are reviewed in the next subchapter.

4.1. Plasma in Reducing Greenhouse Gas Emissions

An important research topic of environmental protection is global warming associated
with the excessive production of greenhouse gases, among which the most important role
is carbon dioxide (CO;) as a product of fossil fuel combustion. The main reason for the
increase in CO, emissions is the increasing energy demand and dependence on fossil fuels,
which cover 70% of the world’s energy demand. CO, emissions can be reduced by various
chemical and thermal methods, such as thermolysis (electrolysis at high temperature),
thermal catalysis, photocatalysis and thermal conversion by microwave heating desorption,
radiofrequency and inductive heating [48,61-63].

Alternatives to these methods are plasma-based ones [16,19,22,46,49,64]. Converting
CO; into other useful products has been considered a great challenge for the past few
decades. In [64], the application of plasma methods consisting of direct air conversion
(DAC) and conversion for “power to gas” via syngas production, as well as the conversion
of CO, from power plant emissions, were considered, and the current problems and
recommendations of plasma methods for the future were analyzed.

Figure 4 presents a plasma-based DAC of CO,; for energy storage via syngas pro-
duction. The excess electricity generated from renewable sources can be used to power a
plasma process to capture CO, from the air and convert it into carbon monoxide (CO) and
hydrogen (Hj) produced from electrolysis, which is also powered by renewable electricity.
CO and Hj; can be produced and fed to a downstream process, such as CO, methana-
tion, Fischer-Tropsch (FT) synthesis and methanol synthesis. The end products, including
methane, methanol and other valuable hydrocarbons, are used as fuel for the production of
various chemicals, for electricity generation or for domestic applications, such as heating.
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Figure 4. Plasma-based direct air capture of CO, for energy storage via syngas production. Repro-
duced from reference [64], published under the license CC BY 4.0.
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Because plasma technology does not require a long start-up, it is possible to desorb
and convert CO, under very dynamic power conditions, ensuring the possibility of satis-
fying the discontinuous demand for balancing the dynamic generation of electricity from
renewable sources. The process uses only air, water and renewable energy as input and has
all the benefits of plasma technology, providing an environmentally friendly solution for
CO; conversion and energy storage. It can also serve as an alternative to coal gasification
or non-CO; neutral natural gas reforming.

Plasma-based technology is constantly under development. Its energy efficiency
cannot be directly compared with mature thermal and chemical conversion technologies.
Plasma technology installations are more compact, have faster response and reaction times
and are relatively cheaper compared to conventional gasification and reforming. A target
of 60% efficiency has been proposed in the literature to make plasma CO, conversion
competitive with existing processes, and some types of plasma, such as GAD or MWD, are
very promising in this respect [16,64].

Plasma has a high CO; conversion potential compared to other techniques due to many
factors, especially: its operation at low temperatures, the possibility of using renewable
energy technology to meet its energy requirements, low investment and operating costs of
the reactor and its independence during operation from rare earth materials.

Studying carbon capture and utilization processes is very important for the future
development of CO,-neutral fuel production [65-67]. The main idea of such processes
is rendering CO, neutral in a way of capturing it directly from the initial hydrocarbon
production sources, such as fossil fuel power stations, metallurgic and cement plants
and vehicles, sea ships and aircrafts [65]. The use of high-frequency plasma reactors is
considered to be an effective method for CO, dissociation in such processes [68]. The
dissociation kinetics of CO; is supported by the vibrational excitation of its molecules
resulting from intermolecular or molecule—electron collisions. Such interactions provide
necessary energy for molecules achieving a continuum region of excitation. Diomede
etal., in [68,69], numerically studied CO; dissociation in plasma by using the non-linear
Fokker-Planck equation and Monte Carlo method for time-dependent diffusion as well as a
flux-matching approach. The authors developed a new numerical approach for vibrational
problem solving, which can be effectively used in multi-physical plasma reactor models by
contributing to their cost reduction.

An important group of study in the field of air purification is the influence of cata-
lysts on the efficiency of pollutant conversion [48]. In [70], VOC removal efficiency was
investigated with the aid of a packed-bed DBD reactor. The presence of packing materi-
als increases the removal efficiency, reduces the formation of unwanted by-products and
enhances CO, selectivity. Packing the DBD reactor with porous packing material addition-
ally suppresses NOx formation. The research presented in [70] proved that many factors
influence the characteristics of the DBD packed-bed and the efficiency of VOC removal.
These are influenced by various properties of the dielectric packaging materials, such as
the dielectric constant, size, shape and surface properties of the electrodes and the pore
dimension of the inter-electrode material.

To remove solid impurities from exhaust gases, e.g., from coal combustion, the tech-
nology based on the electron beam EB is used, which is classified as plasma technology and
is used to remove sulfur, nitrogen oxides, volatile organic pollutants and polyaromatic hy-
drocarbons and to reduce dioxin emissions from municipal and medical waste incineration
plants, which is a great challenge now [71,72].

4.2. Selected Air Purification and Gaseous Media Cleaning Processes

Devices for the generation and application of low-temperature plasma are often
important elements of the installation of industrial waste gas treatment. Waste incineration
gases contain sulfur compounds SO,, SO3, nitrogen NOy, carbon dioxide CO,, ammonia
NH3 and volatile organic substances. Following the full implementation of the Gothenburg
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Protocol [73], sulfur emissions in Europe should be reduced by at least 63%, NOx emissions
by 41%, VOC emissions by 40% and NHj emissions by 17% compared to 1990 [35].

There are several methods by which we can remove air pollutants from waste treatment
exhaust gases; these are: (1) electrostatic precipitators for dust particles, (2) water scrubbers
or adsorption filters for gaseous pollutants and (3) chemical and plasma methods to convert
pollutants into harmless or useful products.

One of the most important issues of the modern automotive branch is finding ways for
reductions in pollutants emitted by diesel engines. The pollutants include carbon monoxide
(CO), unburned hydrocarbons (HC), nitrogen oxides and particulate matter (PM) [74-78].
Diesel particulate matter (DPM) is considered to be the most complex component; it is
composed of the solid fraction, the soluble organic fraction (SOF), sulphate particulates
(SP) and nitrates (in a form of nitric acid HNO3). The solid fraction is a soot and includes
elemental carbon and metallic ash, composed of metal oxides, phosphates and iron oxides
derived from the corrosion manifold [75]. The SOF depends on the diesel engine design
and its operation parameters. It appears as a result of unburned fuel and lube oil, and
it includes heavy hydrocarbons [74,76]. The SP fraction (SiO,, partially sulphates) forms
after the chemical reaction of sulphuric acid water from exhaust gas. The most common
well-established technologies for presented pollutant reduction are diesel particulate filters
(DPF) [79], diesel oxidation filters (DOC) [80], selective catalytic reduction (SCR) [81] and
particle oxidation catalysis (POC) [82]. The mentioned technologies are far from perfect
and struggle with a wide variety problems [74]; hence, the development of new solutions
is required.

One of the very promising and efficient techniques for diesel exhaust gas (DEG)
treatment was found to be the atmospheric pressure plasma (APP) method [77]. According
to [76], the most recent plasma reactor types used for this purpose were found to be DBD
and corona discharges in different configurations: planar DBD, cylindrical DBD, surface
discharge, pulsed corona discharge and ferroelectric pellet packed-bed reactor. The most
important parameters for DEG plasma treatment are configuration type, discharge mode,
voltage polarity, amplitude and frequency of plasma generation.

Figure 5 presents the mechanism of the APP treatment of DEG. Plasma-generated
radicals cause significant oxidation effects on DPM fractions at low temperatures.
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Figure 5. Most common configuration for plasma reactors in DEG treatment applications. The arrows
show the trajectories of the ionized particles after collisions from the treatment gas inlet to the outlet.
Reproduced from reference [76], published under the license CC BY 4.0.

For example, the further oxidation of NO to NO, enhances the decomposition of PM
gathered in DPF, which the following reactions demonstrate [83,84]:

C + 2NO, + e/M — CO, + 2NO + e/M 1)



Energies 2022, 15, 4092

14 of 30

C + NO; +e/M — CO + NO + e/M )
2C + 2NO; +e/M — 2CO,; + Ny + /M 3)
oOH radicals react with C, resulting in CO; or CO and H appearance [85]:

C + 200H + /M — CO, +2H + /M )
C + OH + ¢/M — CO+ H + /M ()
CO + ¢OH + e/M — CO, + H + e/M (6)

The e/M component indicates the ratio of charge of an electron to its mass.

Allamsetty S. and Madhukar A., in [77], presented a very comprehensive and informa-
tive review of the discharge plasma treatment of NOy in diesel engine exhaust. The authors
concluded that the type of energisation, frequency and magnitude of voltage signal, and
repetitive pulse energisation are the parameters that have the most significant impact on
the effectiveness of the NOy plasma treatment. The type of energisation (pulsed/ac/dc)
on the NOy treatment was also investigated in [86,87]. The authors found that, among the
tested supply systems, pulsed energisation exhibits the highest NOx-removal efficiency.
The authors of [88] include a comparison of another set of supply sources: solid state pulse
sources, high-voltage ac sources (HVac) and high-frequency ac sources. This time, the
most efficient in NOx-removal was HVac. The authors of [89] describe the effect of peak
voltage, frequency and engine load on NOy, HC and DPM removal. The authors performed
the experiment with the use of a DBD setup and observed a decrease in NOy removal
efficiency while the peak voltage increased. Increasing the frequency from 13 to 15 kHz
perceptibly improved the removal rate. Another paper [90] reported the impact of the
voltage, frequency, gas flow rate and the use of y-alumina pellets on removal rate, where
the experiment was conducted by using a multi-rod DBD reactor. The obtained results
show improvements of the removal rate, while both voltage and frequency increased. The
tests demonstrate the importance of the DBD reactor configuration, which affects removal
efficiency. Repetitive pulse energization impacts were associated with the separated in-
fluences of signal parameters, such as pulse repetition rate, pulse width effect, effect of
rise time and discharge mode. A detailed description of this investigations can be found
in [91-94].

Hotub et al., in [74], described the influence of a direct non-thermal plasma (NTP)
treatment on DPM and NOy in the exhaust of a marine medium-speed diesel engine.
The NTP reactor was constructed by using DBD technology, as described in [95]. The
experiments were carried out with generated energy densities from ~3 J/dm? (low level) to
~16]/dm? (substantial level). The authors reported very significant NO and PM conversions
at realistic exhaust conditions. A maximal removal rate of about 12% was achieved by
using 265 W of input active power, and a total PM removal efficiency of ~1.7 g/kWh was
observed in the 180 W input mode. Plasma treatment also caused the partial oxidation of
NO to NOgy, supporting the NOy-catalyst-based reduction processes.

Continuing the research topic of NOy and SiO; emissions in marine engine systems,
Chmielewski et al., in [96], revised the plasma methods of reducing emissions. A combina-
tion of microwave and DBD technologies allows one to achieve nearly full reduction in NOx
and SiO, from two-stroke diesel engine exhaust fumes, which was confirmed by laboratory
experiment with the use of a flow rate of 20 L/s [97]. Works [98,99] present a way for dust
and nitrogen oxides to be removed from exhaust gases emitted by marine engines with the
use of plasma-generated ozone. After the initial dust filtration, it is oxidized with the help
of ozone. Nitrogen oxides contained in dedusted gases are adsorbed, then desorbed and
reduced as a result of using NTP treatment. Researchers achieved high removal efficiencies
of up to 94% for nitrogen oxides and 95% for dust; the exhaust flow rate in laboratory
conditions was 700-800 m? /h.

The plasma oxidation of NO particles is a desired reaction, assisting the purification
of exhaust gases from NOy compounds. European scientists compared the direct and
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indirect plasma oxidation of NO combined with oxidation by a catalyst [100]. The coaxial
DBD reactor for direct treatment included a stainless steel tube (inner electrode), a quartz
tube (dielectric) and a metal mesh wrapped around the quartz tube (outer electrode). The
AC voltage supply was 14 kV, and the frequency ranged from 50 to 1000 Hz. A similar
setup excluding the outer electrode was used for indirect treatment for ozone generation
purposes. The gas flow tube of the second (catalytic) reactor was coated by a TiO, catalyst
powder, as shown in Figure 6; since the TiO; catalyst needed thermal activation, the reaction
zone was heated to 70 °C.

Ozone generator Catalytic reactor

Figure 6. Experimental apparatus for indirect plasma treatment of NOy. Reproduced with permission
from [100], Elsevier, 2022.

The authors used optical absorption spectroscopy for the determination of NOy, N>Os
and ozone concentrations. The experimental setup and chemical composition measurement
methodology are described in detail in [101,102]. The researchers found that an inlet NOx
concentration of 200 ppm at an ambient temperature exhibits very similar results. The
increase in temperature in the DBD reactor caused reductions in direct oxidation efficiency.
Substantial oxidation efficiency was obtained for the indirect approach at residence times
below 10 s and with a flow rate of 3 m®/h. The experiment with the TiO, catalytic powder
demonstrates significant efficiency gain in NOy oxidation for small-scale tests; however, the
medium-scale experiments show negligible oxidation improvement. Jogi et al. concluded
that the enhancement of NOy oxidation with the use of a catalyst strongly depends on
higher gas flow rates, giving a shorter reaction time.

Promising alternatives to removing pollutants from gases and liquids are technologies
that wuse non-thermal plasma generated by a gliding arc discharge
GAD [1,17,31,32,41,47,51,59,63]. Plasma reactors can be used both to remove point pollu-
tants, such as factory and utility chimneys, and to control pollution caused by
traffic [18,38,47].

The authors of [72] presented a gliding-arc plasma generator used to remove hydrocarbon-
containing compounds. Gases emitted during the painting and drying of the casting molds
were contaminated with heptane, toluene, xylene, butanol, turpentine and ethyl acetate.
Their plasma removal using a GAD was tested on a pilot installation of the foundry’s
production line. The satisfactory efficiency of removing the above-mentioned hydrocarbons
was obtained with relatively low energy demand, ranging from 4 to 28 kWh per 1 kg of
mineralized hydrocarbons.

The cold plasma generation technology can be also used in spectrometry devices for the
determination of the chemical compositions of gaseous media, especially in experimental
setups for CO, and O, removal from organic aerosols. For this purpose, a new approach,
relying on the use of inductively coupled plasma (ICP) optical emission spectrometry (OES),
was proposed by Austrian researchers in 2014. The principle of operation of the ICP-OES
technique is based on the registration of the light of excited atoms resulting from their
transition to a state of lower energy; it allows one to determine the concentrations of certain
elements in a tested sample. The researchers used an online combustion system including
an RF-powered ICP torch, as shown in Figure 7.
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Figure 7. Experimental setup of the online combustion system: (A) overpressure safety section,
(B) falling-film glass-tube column, (C) hollow fiber gas device, (D) commercial desolvation device.
Reproduced from reference [103], published under the license CC BY 3.0.

The experimental setup comprised three main sections: the sample introduction
section, where 10 mg kg’1 sample solutions of Ag, Ba, Cd, Cr, Fe, La, Li, Mg, Ni, Pb, Y,
Zn and Zr in dichloromethane and dichloromethane were nebulized; a combustion oven,
where the produced aerosol additionally mixed with argon and oxygen that was then
burned at a temperature of 1050 °C; and a gas separation device, where the removing of
CO; and excess O, from the combusted aerosol was carried out. The researchers reported
very high efficiency (even up to 97%) for CO, and O, removal from the tested samples
after the end of the technological cycle. Since the organic solvent aerosols analyzed by
ICP in most cases require high-power RG generator standards, the tested solutions were
investigated with the use of 1650 W and 1400 W supply modes. Decreases in RF power
resulted in signal suppression in all atom and ion emission line spectra. Wiltsche et al. also
concluded that optimal and stable ICP operation is constrained by the amount of oxygen in
the carrier gas stream. Moreover, the proposed approach can be applied for the quantitative
determination of trace metal ratios in highly volatile solvents.

4.3. Transformation and Valorization of Industrial Waste

Industrial and municipal waste, including toxic and post-hospital waste, is a serious
problem for the natural environment. Despite significant progress in this regard, tech-
nological difficulties still arise, which limit the achievement of the expected ecological
and economic benefits. In works [15,27,28,60], a review of plasma technologies in the
management of solid and liquid industrial and municipal waste was performed. Examples
of the thermal technology of plasma generated in arc furnaces, used on an industrial scale
in the metallurgical processing of materials, are given.

The process of plasma gasification for sewage sludge, given in Figure 8, depicts plasma
reformer technology for the removal of acidic natural gases present in syngas. For this
purpose, there is a quick quenching mechanism which cools the gas just after its production
to avoid further chemical reaction, which can result in dioxins. Heavy metal and hydrogen
sulphide absorbents are also inserted to remove toxic gases. Chemicals that are basic
in nature are placed to neutralize acidic components in syngas. The input sludge for
processing and the amount of energy required to generate plasma decide the quality of
syngas. Optimization is required among input heat, moisture, pressure and sludge to
produce hydrogen-rich output gas [60].
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Figure 8. Block diagram of syngas production from sewage sludge using plasma reformer technology,
prepared on the basis of the data contained in [60].

Despite high advancements in thermal arc plasma technology for environmental pro-
tection, research is still being conducted in the world on processes of converting industrial
and municipal waste into energy and liquid and gaseous fuels [26,27,104]. Electrical dis-
charge plasma has been used for decades in fuel transformation and combustion systems.
Initially, it was used as a heat source to start the combustion process. Much research
concerns the catalytic properties of plasma due to the complex nature of the phenomena
occurring in the reactions of fuel reforming [105].

The most common plasma sources used in fuel reforming are DBDs, MWDs and
GADs, but other types of discharges are also used, such as corona, RF, spark, glow and
pulsed [16,105,106]. Plasma fuel reforming technologies have great advantages and bright
prospects. The synergistic effects of plasma technology can also play a key role in the future
of fuel cell technology.

The source of renewable energy may be the combustion of biomass in the pyrolysis
process, which, however, is associated with the emission of tar and aromatic hydrocarbons
responsible for the greenhouse effect. This can be partially prevented by using systems
with appropriately selected catalysts. Such a coupled plasma-catalytic system (CPCS) for
toluene conversion was investigated in [106], and its effectiveness was compared with a
homogeneous plasma system with a GAD.

The most commonly used catalysts for tar decomposition purposes are Ni, Rh, Pt and
Fe-based compounds. The studied CPCS system has used the RANG-19PR, which is the
industrial catalyst for the methanation of carbon oxides. The authors found that the gliding
discharge plasma generation technique is effective technology for toluene decomposition
in the case of pyrolysis gases with a low amount of toluene. Regarding gases containing
high toluene concentrations, CPCS with RANG-19PR allows one to achieve higher toluene
conversion than a gliding discharge system. Adding to the plasma zone of Ni + NiO/Al,O3
compounds significantly improves the conversion rate of toluene (up to 89%) and the
methanation of carbon oxides.

Arc furnaces are also used in the processes of the recovery of materials from the
steel industry and steel processing; the recovery of precious metals from the platinum
group from used catalysts; and the disposal of asbestos-containing waste and radioactive,
electronic, oil, petrochemical and mining pollutants. These wastes contain both hazardous
materials that can have a very detrimental effect on local ecosystems, and they can also be
valuable elements, usually precious metals [15].

The treatment of solid waste by plasma is usually associated with the thermal utiliza-
tion of waste. Among those, the gasification technique is rather well researched and is
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applied on an industrial scale. Gasification is not incineration; in plasma gasification, the
waste input is pyrolysed by high temperatures into its constituent elements: Hy, O,, C, Ny,
etc. The converter conditions are controlled; therefore, prior to exit, the elements reform
into the desired syngas that is rich in CO and Hp.

The materials that cannot be converted into syngas, such as metal, glass, rock and
concrete, are vitrified to produce an inert slag. The slag is 1/250 of the volume of the
processed solid waste. Plasma arc gasification is waste-treatment technology that uses high
electrical energy and high temperatures created by an electrical arc gasifier. This arc breaks
down waste primarily into elemental gas and solid waste (slag) in a device called a plasma
converter. The process has been intended to be a net generator of electricity, depending
upon the composition of the input wastes, and to reduce the volumes of waste being sent
to landfill sites. Four types of gasifier processes are currently available for commercial use:
counter-current fixed bed, co-current fixed bed, fluidized bed and entrained flow. Figure 9
presents an exemplary plasma arc solid-waste-treatment technological process including
recycling, aggregation and syngas cleaning possibilities.

Gas

~
>

Dirty Clean
Syngas Syngas

*
Recyclables

Figure 9. Solid waste treatment using plasma arc. Reproduced from reference [15] published under
the license CC BY-NC-ND 4.0.

To be economically competitive, environmentally acceptable and readily available, al-
ternative fuels must be technically feasible. Such fuels include biodiesel, methanol, ethanol,
hydrogen, boron, natural gas, LPG, synthetic diesel fuel, electricity and photovoltaics.
Although it can be produced from non-renewable sources (methane, coal, nuclear energy),
hydrogen’s attractiveness as an alternative fuel is determined by the possibility of pro-
ducing it from various renewable sources, such as water, wind, solar energy or biomass
combustion [20,25,52].

The use of hydrogen in fuel cells, already used in distributed energy and road transport,
allows one to significantly increase the efficiency of currently used technologies and to
avoid major emissions causing the greenhouse effect [20,53].

5. Review of Superconductivity Applications for Energy and the Environment

As mentioned in one of previous sections describing the basic properties of supercon-
ductors, the two main types of superconducting applications are: using zero resistance and
using ideal diamagnetism. With respect to a variety of applications, the first group is much
wider than the second one. The applications in the first group can be broadly divided to DC
and AC applications. The DC applications are mainly various types of electromagnets, DC
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windings (excitation) in electric machines and DC transmission lines (cables). The group of
AC applications relates mostly to grid applications. It includes AC transmission lines, trans-
formers, AC windings of electrical machines and fault current limiters. Superconducting
applications using ideal diamagnetism and magnetic field trapping are mainly levitation
systems, magnetic bearings, electrical machine excitation systems and magnetic shielding
systems (including the previously mentioned fault current limiters). In the next part of this
section, superconducting applications are described in divisions according to the method
of electrical energy conversion: electrical machines, devices for improving energy quality,
and devices for grid applications (distribution network).

5.1. Superconductivity for Electrical Machines

Electrical machines are most often used in energy generation systems (generators)
and for energy conversion to mechanical energy (motors). With respect to a constructional
point of view, these devices have a very similar structure. Superconductors are used most
often in synchronous machines, where the excitation winding is made of a superconducting
wire. Recently, intensively developed solutions are machines where the excitation is
produced by bulk superconductors with trapped magnetic flux [107]. There are also
tests of electrical machines with armature windings made of superconductors (together
with a superconducting excitation winding, it constitutes a full superconducting machine).
Armature winding can be created as a fully HTS winding or a hybrid structure. Examples of
structures of armature windings in PM-excited (permanent magnet) machines are presented
in Figure 10 [108].

Double-layer Single-layer Single-layer
winding winding hybrid winding
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Figure 10. Different structures of armature winding designs for PM-excited machines. Reproduced
with permission from [108], IOS Press, 2022.

The most common applications of machines with superconductors are various types
of generators for applications in the production of electricity from renewable energy
sources [109] with a power of hundreds of kW to several MW, in particular for wind
farms [110], but also for hydropower [111].

Superconducting motors are the most often used in solutions where the working space
for the machine is limited. Superconducting motors are about 30% smaller in mass and
almost twice as small in volume compared to conventional machines. They are produced
in a wide range of rated powers. There are known, for example, low-speed motors for
use in ship propulsion, and solutions developed by AMSC with a rated power from 5 to
over 30 MW [112,113]. Electrical machines with superconductors are promising actors
for industrial applications. Their development is also supported by the development of
cryogenic technology that allows the generator to operate at a temperature lower than the
temperature of liquid nitrogen (LN).

5.2. Superconductivity for Energy Storage and High Field Applications

A wide range of superconducting applications has been developed in the field of
magnetic field energy storage and the generation of strong magnetic fields (both HTS and
LTS materials). Energy storage systems in superconducting coils have been developed for
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many years, and many solutions with different ranges of stored energy are known. Super-
conducting coils enable the transfer of large power (kW-MW) in a short time (milliseconds
to seconds) [114]. Such parameters of energy transfer allow the use of SMES energy storage
to improve the quality of energy in sudden grid events, and, in fact, the only limitation is
the link-power electronic system for connecting the coil to the grid [115].

In SMES coils operating in the range of DC currents, the basic limitation is the magnetic
field penetrating the coil, both in regard to the magnitude of the magnetic field and its
direction (superconducting tapes creating the windings are strongly anisotropic in relation
between critical current density and the magnetic field). The most common systems are
wound with what are known as pancake coils. Due to the windings connected in series,
the magnetic field penetrating the outermost pancake produces the lowest critical current
density, and it is of key importance. Therefore, there are reported studies where shapes
other than a cylindrical coil were searched for. However, these solutions were associated
with much more complex technological processes and most often were not implemented
in practice.

The phenomenon of ideal diamagnetism and the trapping of the magnetic field allow
one to obtain very interesting properties of magnetic bearings, used mostly for kinetic
energy storage with energy accumulated in a spinning mass. Bulk superconductors allow
for the production of very stable levitation systems with high levitation forces. Such
solutions were proposed, for example, by Boeing, which developed kinetic energy storage
with a spinning mass having a rated energy of 5 kWh and a power of 100 kW [116].

Superconducting magnetic bearings are also widely tested for applications for the
suspension of drive systems, in particular traction vehicles. Such solutions are expensive,
but they have significant potential for industrial applications; hence, there is a wide interest
in their development in research centers.

Large groups of energy applications based on superconducting magnets with high
magnetic fields are devices for magnetic separation. Such devices are applied for the
separation of granular mixtures having ferromagnetic pollutions, in particular elements
such as iron, nickel, cobalt and some lanthanides such as samarium or dysprosium. Such
admixtures can significantly change the properties of the materials, so separation and
removal are very often necessary. There is a variety of separator types. An example of a
carousel magnetic separator is presented in Figure 11 [1].

slime water
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magnetic particles
intermediate fractions
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Figure 11. Schematic diagram of a superconducting magnetic separator: carousel type. Reproduced
from [1] with the permission from the author H. D. Stryczewska.
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Other examples of the application of superconducting technologies in environmentally
friendly energy conversion systems are devices for induction heating based on the principle
of power loss generation by eddy currents.

The billet located as a rotating mass in the presence of a strong magnetic field results in
induced eddy currents; hence, there is power loss inside the billet. The DC superconducting
magnets are used for this process to create a strong external magnetic field. The use of
such a magnetic field source allows one to increase the efficiency of the process from 50 to
80% [117].

5.3. Superconductivity for Grid Applications

A significant group of applications designed for energy, ensuring high efficiency
and power density in comparison to the classical (copper) solutions, are superconducting
devices intended for application in a distribution grid. As mentioned earlier, AC conduction
in superconductors involves additional power loss, but they are small enough to obtain
better properties than classical solutions. This group of devices includes power cables,
transformers and fault current limiters (SFCL). The first two groups of devices work only in
the superconductivity state, whereas the last one includes devices operating in the transient
state (with quench transition)

Power cables are a group of devices operating both in DC current systems and in the
range of grid frequency, making a connection between transformers in substations [118].
There are known pilot installations containing power transmission lines [119]. They are
characterized by very high energy densities and low power loss. In AC current systems,
both single-phase and three-phase cables are produced. The three-phase systems are
constructed as three single-phase cables or as a three-phase common core cables. Cable
installations are most often cooled with liquid nitrogen in a circulation system.

Superconducting transformers are most often compact devices with high energy
densities. There are known solutions of transformers from what is known as the warm and
cold magnetic core [120]. In systems with a warm core, where only the windings are cooled
down by a cryogenic system, the magnetic core operates at an ambient temperature. This
solution allows one to reduce power loss in the magnetic core, but the magnetic coupling is
weaker. In cold transformers, the cryogenic system covers the entire transformer (windings
and the core). In such a solution, losses in the magnetic material are higher, but there
is no increased distance of thermal insulation between the windings and the magnetic
core. Superconducting transformers can also play a role of galvanic separation, having a
turn-to-turn ratio of 1:1 [10].

Superconducting fault current limiters (SFCLs) allow for the limitation of short-circuit
currents in power grids. They act by quenching from superconductivity to a resistive
state and by introducing additional impedance into the circuit. The main advantage of
such devices is a very short reaction time (shorter than a single period of the flowing
current) [121]. There are many different solutions of limiters. The most popular are
resistive-type limiters, inductive-type limiters and limiters with a DC biased magnetic
field [122]. SFCLs are a group of superconducting devices with the biggest potential for
industrial applications. The only operational difficulty of such devices is the dissipation of
the energy released during the current limitation. When the energy is effectively dissipated
the limiter is able to operate for a long time with multiple quenches, without the need to
replace components or restart the system. In order to ensure proper operation of the SFCL,
superconducting materials devoted for such applications are examined both experimentally
and by numerical simulations [123].

There are also solutions where a superconducting device, for example, a transformer,
is constructed in such a way that, in the event of a short circuit, it can fulfill the function
of a current limiter [124]. This type of application is not possible in classic devices, and it
allows reductions in the number of devices in the energy distribution system.

In summary, the above-described applications of superconductors in energy conver-
sion allow one to obtain a significantly higher power density than in conventional devices
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and an increase in efficiency during energy conversion. Therefore, with respect to energy
conversion, superconducting devices have a beneficial effect on the environment due to
reductions in power loss.

6. Thermonuclear Fusion as an Example of the Application of Hot Plasma
and Superconductivity

Hot plasma, with temperatures in the hundreds of millions of Kelvin, which is 10 times
the temperature of the interior of the Sun, can be produced by a controlled thermonuclear
reaction that fuses two lighter nuclei into one heavier one. As a result of fusion, apart from
the new nuclei, free neutrons, protons, elementary particles and alpha particles can also
be formed.

The nuclear fuel is completely ionized plasma, perfectly electrically conductive; it is a
mixture of deuterium and tritium, made from lithium. The energy content of the lithium
resource that is used to produce tritium in the D-T cycle is likely to be greater than the energy
content of fossil or uranium fuels, and the fusion fuel is virtually limitless [33,125,126].
Negative deuterium and hydrogen ions can be produced in ion source plasmas using
dissociative electron attachment (DEA) and dissociative recombination of H,* and D,* or
H3* and D3* ions [127,128]. DEA reactions for H™ and D™ production require low-energy
(cold) electron beams and are substantially dependent on the initial molecular state, where
initial vibrational and rotational electronic energy levels play a decisive role [129].

Another way for hydrogen/deuterium ion production is using negative ion sources,
key aspects of which are beam intensity, quality and stability. Starting in 1962, these kinds
of sources have been intensively studied [129,130]. The first widely researched system was
a double charge exchange system, whose advantages were high reliability and intensity
of initial H* and D* ion beams [131,132]. The next generation of negative ion sources
were the what are known as “surface plasma sources” with pulsed magnetrons [133];
however, the short duration of magnetron beam was disadvantageous for fusion quasi-
steady-state plasma heating. The application of the negative ion volume production
mechanism in ion sources with magnetic filters and “plasma grid” front end electrodes
as well as “tandem multicusp” configurations provided substantial improvements in that
issue [134,135]. Introducing Cs into the volume ion source resulted in negative ion current
enhancement and reductions in the coextracted electron current, as described in [136]. Since
that finding, the injection of Cs into large negative ion sources developed for fusion plasma
heating became routine [129]. Recent reports on the sources for the production of negative
deuterium ions for fusion plasma heating concern ion sources with external antennae,
where the reliability of the source operation is improved [137].

Nuclear fusion does not emit greenhouse gases or long-lived radioactive waste that is
the product of fission reactions. There is no possibility of an uncontrolled fusion reaction
because the amount of fuel in the reactor chamber is sufficient to sustain the reaction for
at most a minute. Under laboratory conditions, the most effective nuclear fusion reaction
today is the fusion of deuterium and tritium, i.e., isotopes of hydrogen with one and two
neutrons in the nucleus, respectively.

These substrates are in the form of hot plasma. The reaction products are a helium
nucleus and a neutron. The energy gain from the fusion of deuterium and tritium is large,
and its occurrence requires a relatively low temperature. However, it must exceed the
temperature of the sun’s interior many times over, because it is not possible to obtain such
a high pressure under Earth’s conditions.

One of the major problems with nuclear fusion is keeping hot plasma in place. There
are no materials that do not melt in direct contact with matter at such a high temperature
(usually 150-300 million °C). Therefore, the plasma is placed in a vacuum which, among
others, prevents from its expanding. The disposed materials from the fusion reactor should
qualify as low-level radioactive waste for disposal by shallow burial on the ground or even
for recycling.
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The projected cost of electricity from fusion reactors is less than twice the cost of other
energy sources, without considering the environmental benefits.

The most advanced devices that take advantage of this phenomenon are tokamaks
(Figure 12). In tokamak-type reactors, as a result of the use of superconducting magnets
with a special design, they generate a toroidal magnetic field in which charged particles
orbit the field line. Additionally, they can move parallel to the field lines, but if these lines
are closed, the particles are trapped. The largest working device of this type is the JET, and
there is a much larger ITER under construction in Cadarache in southern France.
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Figure 12. Schematic representation of thermonuclear fusion. The arrows indicate the directions of
the flow of media in the form of sea water and the deuterium and tritium ions produced on its basis,
starting from the water reservoir and ending with the fusion reactor. Reproduced with permission
from [125], e-magazyny.pl, 2022.

The ITER is set to become the first tokamak to produce more net energy than delivered
and that is able to sustain the merger over a long term. It is to demonstrate that it is possible
to produce energy from a fusion reaction on a commercial scale. The tokamak has been
designed in such a way that, with a supply of 50 MW of power, 500 MW can be obtained
from it. It is to be the largest tokamak in the world, using the most powerful electromagnet.
The first plasma is to be produced in the reactor in 2025, and regular operation is planned
to start in 2035. However, the cost of obtaining energy from fusion reactions is very high.
Initially, it was planned that the cost of the ITER project would be around 5 billion USD,
and its management is now talking about 22 billion USD. Moreover, the US Department of
Energy estimated the total cost at 65 billion USD.
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7. Summary

Energy systems in recent times are not sustainable. They are based on the production
of energy from non-renewable sources. Much of the power contained in the fuel is irre-
versibly lost, and energy quality is lowered. Moreover, energy conversion is accompanied
by the emission of fossil fuel combustion products into the atmosphere, which pollutes the
natural environment. These problems can be solved by using superconducting and plasma
technologies. The latter are used, inter alia, to reduce greenhouse gas emissions from inter-
nal combustion engines, for air purification and for the transformation and valorization
of industrial waste. Gaseous emissions, including sulphurous SO, and SOj3, nitrous com-
pounds NOy, carbon dioxide CO,, ammonia NH3 and VOCs, are becoming more and more
restrictive. The conversion of CO; into other useful products is considered a great chal-
lenge. Plasma as a medium used for CO, conversion has great potential compared to other
techniques due to its low temperature operation, the possibility of using renewable energy
technology to meet energy needs, the low cost of investment and operation of a reactor and
its independence from rare earth materials during its operation. Much development work
still needs to be performed before this plasma potential can be fully utilized in practice for
the storage and conversion of CO,. One of the major disadvantages is low energy efficiency,
especially for barrier dielectric reactors, but the proper selection of the process gas, or its
absence and the capture of CO, directly from the air, can significantly improve conversion
efficiency and can ensure high purity of CO. Studies of GAD discharges and microwave
MWDs in these applications have shown better energy efficiency. In addition, detailed
mechanisms of plasma-induced CO, desorption and conversion should be investigated.
An important and still-studied issue is the development of a high-capacity sorbent for
CO; capturing, to work in a plasma environment. The importance of hydrogen as a fuel
of the future and its ability to reduce COy emissions during its production should also
be emphasized.

Industrial and municipal waste, including toxic and post-hospital waste, is a serious
problem for the natural environment. Regardless of significant progress in this area, there
are still technological difficulties that limit the achievement of the expected environmental
and economic benefits. High advancement of thermal plasma technology (AD, GAD and
MWD) in environmental protection has been recently observed. Research is still being
conducted on processes of converting industrial and municipal waste into energy and into
liquid and gaseous fuels.

Superconducting technologies in energy and environmental protection use two main
phenomena related to superconductivity: (1) zero resistance and (2) perfect diamagnetism,
and in a variety of applications, the first group is much wider than the second one. The
first group can be divided into DC (various types of electromagnets, winding excitation in
electric machines and transmission lines) applications, and the second one can be divided
into AC grid applications (transmission lines, transformers, windings of electrical machines
and fault current limiters). Superconducting applications using ideal diamagnetism and
magnetic field trapping are mainly levitation systems, magnetic bearings, electrical machine
excitation systems, magnetic shielding systems and fault current limiters.

Superconducting and plasma technologies are already playing an important role in
energy and environmental engineering, and they may play an even greater role in the
future. Their potential, combined with renewable energy, results from the possibility of
storing energy in the form of hydrogen and other fuels, and in regard to superconductivity
in magnetic energy storage devices, they are then used to stabilize the power grid, which
indirectly contributes to reducing greenhouse gas emissions, mainly CO,. The huge poten-
tial of superconducting technologies also lies in lossless energy transfer and conversion.
Applications of superconductors in energy conversion allow one to obtain a significantly
higher power density than in conventional devices and an increase in efficiency during
energy conversion. Therefore, with respect to energy conversion, superconducting devices
have a beneficial effect on the environment due to reductions in power loss.
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It seems that, at the present stage of the development of nuclear fusion technology, it
is not possible to use it for energy production, because its development consumes more
energy than can be obtained from it. However, maintaining the reaction for a long time
of several hours generates energy that meets the energy demand in an order of 10'> Wh.
The construction costs of tokamaks are also very high, which puts the profitability of their
construction into question. These obstacles, along with progressing technological develop-
ment and the growing demand for clean energy, seem to be overcome, and thermonuclear
fusion will become profitable technology in the near future.
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