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ABBREVIATIONS

AC - alternating current

AD — anaerobic digestion

Ar —argon
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NAPL — non-aqueous phase liquid

OECD - Organisation for Economic Co-operation and Development

OECD-FAO — The Organisation for Economic Co-operation and Development
(OECD) and the Food and Agriculture Organisation (FAQO) of the United Nations

OPEC - Organisation of the Petroleum Exporting Countries
PAHSs — polycyclic aromatic hydrocarbons

PCD — pulsed corona discharge



PM — particulate matter

RDF — refuse-derived fuel

RF — radio frequency induction

SEM — scanning electron microscopy
SER - specific energy requirement
TGA/DTG — thermogravimetric analysis
VCC - voltage-current characteristics
VOCs — volatile organic compounds

WIE — waste-to-energy



INTRODUCTION

The relevance of the work

The projections provided by the United Nations shows that the world population
will grow to 10.9 billion in 2100 from the initial 7.7 billion in 2019 (United Nations,
2019a). Such tendency inevitably will lead to the increasing consumerism of energy
and generation of various types of waste. Several models of the energy consumption
predictions show that fossil fuel still will compose a considerable part of primary
world energy in 2040, and liquid fuels (e.g. diesel, gasoline) will continue to play a
vital role in industrial and transportation sectors (Newell et al., 2019). Additionally,
contamination by solid and industrial waste is considered as one of the leading
environmental issues in the global. Accordingly, the world bank group prognoses that
solid waste generation will increase by 1.4 billion tonnes in 2050 from the initial 2.01
billion tonnes in 2016 (Kaza et al., 2018). Thus, waste management will require even
more attention and effort in the future. Currently, waste management is based on the
principle of the waste hierarchy, which is composed of five stages: prevention, reuse,
recycle, recovery, and disposal. Despite many efforts to accomplish the first three
stages, still, there is a part of the wastes that can only be handled by recovery (e.g.
Waste-to-Energy conversion). Most of the presently used Waste-to-Energy
technologies (e.g. anaerobic digestion, fermentation, torrefaction, liquefaction) are
oriented mainly into the conversion of organic waste and are not very suitable for the
conversion of various mixed or special wastes (e.g. industrial, hazardous wastes).
Moreover, these technologies face other challenges, including a lengthy conversion
process, neediness to use chemical reagents, generation of secondary pollutants,
sensitivity to the changes in the environmental conditions. On the contrary, plasma
technologies can be applied for the conversion of various types of waste, including
special waste. Additionally, plasma technologies have no restrictions to process
organic and inorganic wastes. Also, plasma offers several benefits to the waste
conversion: the process is fast in time, the use of chemical reagents is not required.
The high energy densities, high temperature, and reactive species ensure the
decomposition of the organic compounds into synthesis gas (mainly H,, CO) without
the formation of the secondary pollutants. Meanwhile, the inorganics and minerals,
that are not decomposed form environmental-friendly vitrified slag, which can be used
in the construction sector. The generated synthesis gas can be used for the production
of electricity, heat, or as a feedstock for the production of hydrogen, ammonia.
Consequently, plasma technologies are considered as an advanced and viable solution
for waste management in the future.

In this work, two types of waste (crude glycerol, and diesel fuel contaminated
soil) are selected for the conversion process with the thermal plasma technology.
Crude glycerol emerges in the industrial sector as a by-product of biodiesel production
and composes for approximately 10 % of the total volume of biodiesel. Moreover,
biodiesel production will likely continue to grow, since there is an intention to take
ambitious climate change countermeasures which includes the decisions to reduce the
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consumption of fossil fuel worldwide. As a result, the excess of crude glycerol will
also increase and will continue to jeopardise biodiesel market stability. Therefore,
ways of utilising waste glycerol are needed to be sought. Meantime, recollecting the
predictions on energy consumption over the next few decades, fossil fuel still will
remain a central energy source. Thus, increasing fuel demand and consumption
increases the likelihood of fuel spillage into the environment, and this results in water
or soil pollution. Soil contaminated with petroleum products (e.g. diesel fuel, gasoline,
grease) becomes a sort of waste. Such soil has to be collected from the contamination
site and remediated. Hence, effective and fast soil cleaning methods are being sought
to avoid storing contaminated soil and incurring additional costs. Accordingly, the
conversion of crude glycerol into synthesis gas and remediation of petroleum polluted
soil using plasma technologies looks like a promising alternative to avoid negative
economic and environmental consequences.

Although plasma-based technologies are considered as perspective methods for
waste disposal, these technologies are not fully optimised, nor widely integrated into
the industrial sector. In seeking to widen the use of such technologies, further
experimental studies are needed. Consequently, the object of this work is the
experimental application of thermal plasma technology for waste conversion.

Aim of the Doctoral Dissertation

To investigate the plasma conversion processes of liquid (crude glycerol) and
solid (diesel-contaminated soil) wastes, determining the optimal performing
conditions for the crude glycerol conversion process, and evaluating diesel fuel
removal efficiency from the soil.

Tasks of the Doctoral Dissertation

In order to implement the aim of the doctoral dissertation, the following main
tasks were carried out:

1. Toinvestigate the influence of the type of plasma forming gas and the electric
current on the electrical and thermal characteristics of the plasma torch and
select the most suitable working conditions for the waste conversion process.

2. To perform crude glycerol conversion using air plasma and water vapor
plasma, as well as to determine the influence of the gasifying agent type and
flow rate to the crude glycerol conversion process by quantifying the
conversion system in terms of the H,/CO ratio, lower heating value, carbon
conversion efficiency, energy conversion efficiency, and specific energy
requirement.

3. To evaluate the efficiency of proposed plasma-based technology by
calculating the mass and energy balance of the plasma system during the
glycerol conversion process.

4. To experimentally investigate the diesel fuel contaminated soil remediation
process, its dependence on pollutant concentration and the type of plasma
forming gas, as well as to assess the contaminant removal efficiency.
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Scientific novelty

1. The performed experimental researches broaden the understanding of plasma-
based crude glycerol conversion features and allow better to define the
parameters of the optimal conversion process.

2. The carried out researches allowed evaluating the application of the plasma-
based conversion process for the remediation of contaminated soil.

Practical value

The proposed thermal plasma technology is suitable for gasification of various
types of wastes, e.g. (industrial, solid waste). The usage of this technology not only
can remove the excess of crude glycerol from the industrial sector but also may
produce synthesis gas that can be used to generate additional energy, heat, or in the
production of liquid fuels. Additionally, this technology removes petroleum products
(e.g. diesel fuel) from the soil easily, quickly, and without the secondary pollution of
the soil. Thus, the proposed technology has an ecological value. The obtained results
can be successfully used in the development of new plasma technologies for waste
disposal. Also, gained results can be used in the calculation, design of plasma-
chemical reactors, and in predicting the course and consequences of waste conversion
processes.

Statements carried out for defense

1. The carbon conversion efficiency and energy conversion efficiency increases,
while specific energy requirement decreases with the increase of the gasifying
agent amount in the total gasifying agent/crude glycerol ratio.

2. The conversion of crude glycerol with water vapour plasma is more efficient
compared to the conversion of crude glycerol with air plasma.

3. Almost 1/3 and 1/2 of the electrical energy required for the formation of
plasma could be recovered during the crude glycerol conversion with air
plasma and water vapour plasma, respectively.

4. During the interaction between up to 160 g/kg diesel fuel contaminated soil
and thermal plasma, the contaminant (diesel fuel) removal from the soil is
achieved despite the pollutant concentration in the soil and the type of plasma
forming gas (air or water vapour).

Scientific approbation of dissertation

The material of the doctoral dissertation has been published in four articles
referred in the “Clarivate Analytics — Web of Science Core Collection” database. The
material of the thesis has also been presented in seven international conferences, four
of them took place abroad.

The structure and the content of the dissertation

The dissertation consists of an introduction, literature review, methodology,
results, and discussion, conclusions, the list of references, and the list of scientific
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publications, as well as acknowledgements. The dissertation is compiled of 109 pages,
including 45 figures and 18 tables. The list of references has 197 sources.
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1. LITERATURE REVIEW

1.1.  The synergy between the growth of the human population, energy usage,
and waste generation

The unfavourable impact of the synergy between the human population and the
expanding world energy consumption on the state of the environment became
indisputable these days. Thus, it seems appropriate to access the issues and
suggestions addressed in this dissertation by first discussing the current and future
situations of the human population and energy consumption as well as its possible
effect on the environment through waste generation.

According to the medium-variant projection given by the United Nations, the
global population will grow from 7.7 billion people worldwide in 2019 to around 9.2
billion in 2040, and 10.9 billion in 2100 (United Nations, 2019a). Beneath the global
level, differences between different world regions exist. As a result of this, some
regions (e.g. located in Europe) will continue to see decreasing population numbers.
In contrast, the population in other areas will increase. More precisely, the middle
scenario prognoses that until 2050 52 % (1.05 billion) of the global population
increment will be concentrated in countries of sub-Saharan Africa and 25% of
worldwide population in Central and Southern Asia (505 million) (United Nations,
2019).

| e Ocesnia
L—Latin America
10 billion- - i —North America
8 billion:
6 billion 5281 million =
Y [ Latin America  742.35 million
M North America  410.18 million
4 billion Europe 72781 million
W Africa 2,08 billion

B Asia 5.19 billion
9.20 billion

0
1950 1960 1980

Total

2100

2000 2020 2040 2060 2080

Fig. 1.1 World population by region projected to 2100 (Roser, 2019; United Nations, 2019a)

The growing population and economy will expand energy consumption. There
are several models (Fig. 1.2) used to predict how energy consumption will change
until 2040. All of these projections assume the same tendency — global energy
consumption will grow 20-30 % or more through 2040 and beyond, led mainly by
fossil fuels. Moreover, it is assumed that fossil fuel will compose 74—79 % of global
primary energy in 2040 (Fig. 1.2). According to ambitious climate scenarios (e.g. IEA
SDS), the share of fossil fuel in global primary energy will decrease to 60-62 % in
2040, from the initial 82 % in 2015 (Newell et al., 2019).
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Fig. 1.2 Projection of shares of global primary energy consumption by fuel in 2040 (Newell
etal., 2019). * BP and EIA scenarios exclude non-marketed biomass energy (e.g. wood,
dung), while the rest of the outlooks include this in renewables

Furthermore, more than half of the projected growth in global energy
consumption will take place in non-OECD regions, including Asia (mainly China,
India), Africa, and the Middle East (EIA, 2019). These predictions coincide with the
United Nations’ projected distribution of population growth across the regions
worldwide (Fig. 1.1).

Additionally, among the various sectors, the industrial sector not only
constitutes more than 50% of the world’s energy consumption part but also will
maintain its position throughout the entire projection period achieving about 315
quadrillions Btu by 2050 (Fig. 1.3). Meanwhile, the transportation sector will remain
second at the forefront as a user of the world’s energy. Moreover, the majority of the
increase in the industrial and transportation sector’s energy use will occur in non-
OECD countries (BP, 2019; EIA, 2019).

quadrillion British thermal units
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- . — 450 3

history . projections | . .
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350 ! 350 | transportation
300 | 300 :
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Fig. 1.3 Projection of energy consumption by sector until 2050 (EIA, 2019)
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Despite the intention to take ambitious climate change countermeasures
worldwide, liquid fuels (e.g. residual fuel oil, diesel, gasoline) will play a significant
role in industrial and transportation sectors (Fig. 1.4). In the industry, liquid fuels will
continue to be used as chemical feedstocks, provide process heat, and power
equipment. This sector will account for about one-third of liquid fuels consumption
by 2050. Also, liquid fuels will remain the predominant transportation fuels (59 % of
total liquid fuels end-use), especially in non-OECD countries, where consumption
will increase from 56 quadrillions Btu in 2018 to 85 quadrillion Btu in 2050 (about
50 % from 2018 to 2050). In general, the use of liquid fuels will increase by about 45
% in non-OECD countries, whereas, in OECD countries, will remain relatively stable
(in OECD Europe will decline by 15 % to 24 quadrillions Btu in 2050) (EIA, 2019;
ExxonMobil, 2019).
quadrillion British thermal units
250 history projections =N
transportation

|
1
1
1
I

1
1
1
200 } 200
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150 :
| non-OECD L
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100 100 p .
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0 1

2010 2020 2030 2040 2050 O ' ; T Eommarsal
2010 2020 2030 2040 2050

Fig. 1.4 Projection of petroleum and other liquids consumption until 2050 (EIA, 2019)

Every sector, including commercial, residential, transportation and industrial,
inevitably generates waste and causes environmental pollution by using the sources
of energy for the fulfilment of needs, or the creation of goods. Acid rain, global
warming, odour emissions, and land-use are negative environmental impacts of fossil
fuels usage and the disposal of the wastes (Zhang et al., 2020). Thus, increasing human
population, urbanisation, industrialisation, and generally growing energy
consumption will guarantee tremendous waste production and the adverse effects on
the environment. Based on the latest statistics available, global solid waste generation
reached 2.01 billion tonnes in 2016 (Fig. 1.5). The projections provided by World
Bank states that 2.59 billion tons of solid waste will be generated annually worldwide
by 2030. Meanwhile, solid waste generation across the world is expected to reach 3.40
billion tonnes by 2050 (Kaza et al., 2018).
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Fig. 1.5 Projected global solid waste generation (Kaza et al., 2018)

Also, it is expected that in the regions with growing low-income and lower-
middle-income waste generation will increase. Hereby, it is projected that waste levels
in Sub-Saharan Africa and South Asia regions will triple and double, respectively, in
the next three decades with urbanisation and economic growth (Fig. 1.6). Whereas
regions with higher-income including Europe and Central Asia as well as North
America are anticipated to see waste levels increase more gradually by 2050 (Kaza et
al., 2018).
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(=}

Middle East ' Sub-Saharan ' Latin America’ Marth South ' Europeand ' EastAsia
and Africa and America Asia Central Asia and
Morth Africa Caribbean Pacific

2016 2030 W 2050
Fig. 1.6 Projected solid waste generation by region

In addition to solid waste, the World Bank also provides a few statistical
information about special wastes. Several types of waste including industrial waste,
agricultural waste, construction and demolition waste, hazardous waste, medical
waste, electronic waste are classified as special wastes. According to Glushkov et al.
(Glushkov et al., 2020), solid and industrial waste pollution is one of the main
environmental issues worldwide. This statement can be well reasoned with statistical
data (Fig. 1.7). The industrial waste is generated in much higher quantities than other
special waste. Also, in the countries with available industrial waste generation data,
16



the trend shows that globally, industrial waste generation (12.73 kg/capita/day) is
almost 18 times higher than municipal solid waste (Kaza et al., 2018).

14 -
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waste waste  and demolition waste waste waste

waste

Fig. 1.7 Global average special waste generation (Kaza et al., 2018)

Moreover, the generation of industrial waste grows noticeably with an increase
in income level (Table 1.1). Thus, economically developed counties produce the
highest amount of industrial waste (42.62 kg/capita/day) (Kaza et al., 2018).

Table 1.1 Industrial waste generation rates (Kaza et al., 2018)

Industrial waste generation,

kg/capita/day
High income 42.62
Upper-middle income 5.72
Lower-middle income 0.36
Low income No data

Based on the statistical projections presented above, waste management will
require even more attention and effort in the future. Currently, trends in countries with
high development levels and strong economies show that the sector of waste
management is being aimed at attaining a circular economy. The circular economy is
orienting on reducing landfilling and boosting reuse (Margallo et al., 2019).
Consequently, the solid basis of the circular economy is built on the principle of the
waste hierarchy and accordingly, sustainable waste management. Thus, developed
countries are making efforts to be able to cope with the growing volume of industrial
and solid waste in the most sustainable way. On the other hand, the situation of waste

management in developing countries with growing economies is considerably
17



different. The most applied waste management choice in these countries is waste
disposal in open dumpsites or sanitary landfills (Ferronato et al., 2019). Considering
that the population and waste generation in these countries will continue to increase
rapidly, environmental pollution will expand too. It remains to expect, that the waste
management actions and ways performed by developed countries will become a
strong example for developing countries that will allow reducing the negative impact
on the environment in the future.

1.2. Sustainable waste management

The sector of the waste management evolved over many centuries from the
careless disposal into open dumpsites to integrated management systems based on
waste hierarchy. The principle of the waste hierarchy has been involved in national
and international regulations. Waste hierarchy became an integral part of the EU
Waste Framework Directive 2008/98/EC in 2008 (European Parliament and Council,
2008). In 2015, the Circular Economy Strategy from EU COM/2015/0614 (European
Commission, 2015) defended the role of waste management based on the principle of
the waste hierarchy as the way to lead to the best overall environmental outcome and
to get valuable materials back into the economy. Also, the principle of the waste
hierarchy was involved in the 12th sustainable development goal (also known as
“responsible consumption and production”) of the 2030 Agenda for Sustainable
Development adopted by the 193 United Nations countries in 2016 (Pires et al., 2019;
United Nations, 2016).

The principle of the waste management hierarchy is based on five steps (Fig.
1.8), including the prevention of waste generation, followed by reuse of materials
repeatedly and then recycling. Whenever material reuse and recycle cannot be carried
out, then recovery opens the possibility to generate energy from waste. And finally,
waste disposal to landfills is a last resort (Cucchiella et al., 2017; Fernandez-Gonzalez
etal., 2017).

Prevention

Most desirable '
Re-use

Recycle

) oo f

Dispo-
Least desirable sal

Fig. 1.8 The waste management hierarchy, adapted from Cucchiella et al. (Cucchiella et al.,
2014)
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Although much effort is made to implement the first three pyramid stages, still
there is a part of the wastes that can only be managed by recovery. This recovery stage
includes waste-to-energy conversion — the process of recovering energy from waste
in the form of heat, electricity, or fuel. Waste-to-Energy conversion technologies can
be classified into thermal, mechanical and thermal, thermo-chemical and biochemical
technologies (Fig. 1.9). A brief description of these technologies followed by a table
of advantages and disadvantages (Table 1.2) is provided below.

/ I Waste-to-Energy Conversion Technologies I \‘

Thermal Fuscharscal Thermo-chemical Biomechanical
& Thermal
. A RAER Pulverization Plasma ;
combustion y Pyralysis Fermentation
P — | E drying Techno
incineration)
L J L J
- . " Anaerobic
Torrefaction Gasification Liguefaction digestion
Refuse Derived Fuel —
(RDF) il
| Char | I Pyrolysis ail I IS_l.rngus I IF.thunull IBlugm- I
v v v L
. _— Gaseous
Solid fuel Liquid fuel
fuel
Combustion
k 4 #
Thermal energy

Fig. 1.9 Waste-to-energy conversion technologies (United Nations, 2019b)

Biochemical technologies can be divided into anaerobic digestion and
fermentation. Since enzymes, bacteria, and other microorganisms are applied to break
down biomass via the biochemical conversion process, these technologies are
preferred for the wastes with a high percentage of biodegradable organic matter and
high moisture content (Beyene et al., 2018; Kumar et al., 2017). The production of
bio-ethanol occurs mainly through the fermentation of organic waste. Anaerobic
digestion is defined as a process during which the biodegradation of organic waste
and the generation of biogas (mainly CH. and CO_) occurs in the absence of oxygen.
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AD process has three main stages. The first stage is hydrolysis in which complex
organic materials (i.e. proteins, carbohydrate, fats) are converted into soluble organic
materials (i.e. amino and fatty acids, sugars). Fermentation is the second stage of the
AD process in which organic molecules are break down into acetic acid, Hz, and CO..
Methanogenesis is the last stage of the AD where CH,; and CO; are produced from
acetic acid and H, (AlQattan et al., 2018; Ouda et al., 2016).

One of the ways to recover energy from waste is the production of refuse-
derived fuel (RDF). The RDF production process includes the treatment of municipal
solid waste and non-hazardous industrial waste to gain fuel with a low concentration
of organic matter and with high calorific value (16-18 MJ/kg). The production
technology involves different stages, including mechanical separation (removal of
unsuitable materials such as glass or metal), pulverisation, and drying. Thus, paper,
textiles, wood, rubber, biomass are the wastes from which RDF is made (Sieradzka et
al., 2020). Further, RDF is typically used in the combustion process.

Direct combustion (incineration) is described as the primary and most
conventional thermal WtE conversion technology. The combustion process occurs in
the oxygen environment with respect to the stoichiometric conditions at 850-1200 °C.
It is a well-established technology that could reduce the weight and volume of wastes
by approximately 80 % and 70 %, respectively. The end product of combustion is hot
combusted gases, mainly composed of carbon dioxide (CO2), nitrogen (N2), oxygen
(O2), and non-combustible materials. However, emission of pollutants, including
sulfur oxides (SOy), nitrogen oxides (NOy), dioxins, and furans, particulate matters
(PM) occurs during the incineration. Consequently, the pollutant/emissions control
system is used in incinerators to reduce air pollutants (AlQattan et al., 2018; Ouda et
al., 2016; Perna et al., 2018). Summarily, waste incineration allows energy retrieval
in the form of heat or electricity. Accordingly, the hot combusted gases can be fed to
the recovery boiler to generate steam, which can be used directly as a heat carrier or
can be transferred to the steam turbine to produce electricity (Malinauskaite et al.,
2017).

Torrefaction is another thermo-chemical conversion technology aimed to reduce
the components of low molecular weight organic volatile, oxygen-containing
functional groups and moisture content in the organic wastes. Generally, torrefaction
is performed in an inert atmosphere (e.g. nitrogen) at a relatively lower temperature
range from 200°C to 300°C. The torrefaction of organic wastes results in the
generation of carbon-rich materials, which can be used as a replacement for
conventional coal (Okolie et al., 2020; Tong et al., 2018). The torrefied solid material
has about 30 % higher energy density than the initial biomass. Hence, this technology
offers the way of converting organic matter into energy densified solid fuel with
increased heating value, hydrophobicity, and homogeneity. The upgraded solid fuel
can be used as a feedstock for the generation of heat, electricity (Iroba et al., 2017,
Iwaszko et al., 2020; Niu et al., 2019).

Hydrothermal liquefaction is an alternative thermo-chemical conversion
technology usually used for the conversion of wet organic feedstocks (e.g. food waste,
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agricultural waste, sewage sludge, algae) into liquid fuel also known as bio-oil. In
general, hydrothermal liquefaction is performed in a hot (200-400 °C) and pressurised
(4-25 MPa) water environment seeking to break down the solid structure into liquid
products. During hydrothermal liquefaction, water is used as a reaction medium and
acts as a reactant and catalyst. Consequently, the organic material can be directly
processed without pre-drying process (Chen et al., 2019; Toor et al., 2011). Produced
liquid fuel requires purification before its further usage as a fuel for boilers, burners,
turbines. Also, bio-oils can be further upgraded into transportation fuels (gasoline,
diesel), as their heating value (30—40 MJ/Kkg) is similar to that of crude petroleum oil.
Moreover, hydrothermal liquefaction now is in the transition state from a laboratory
pilot scale to a pilot industrial scale (Cao et al., 2017; Gollakota et al., 2018; Watson
et al., 2020).

Pyrolysis is the technology for the thermo-chemical conversion of organic
materials (carbonaceous substances) to liquid fuels (bio-oils), producer gas (mainly
composed of CO, Hy, and CH4) and biochar. Pyrolysis is performed in the absence of
oxygen, (in an inert atmosphere such as nitrogen). Process temperature depends on
the type of pyrolysis, but basically, it varies from 300 °C to 800 °C. At lower
temperature (500550 °C), bio-0il, and biochar are the leading products, and at a
higher temperature (>700 °C), pyrolysis gases are the main product (Kumar et al.,
2017; Kwon et al., 2019). Additionally, the heating value of pyrolysis gases from
municipal solid waste is around 15 MJ/Nm?3. The heating value of bio-oils from
carbonaceous waste is 38 MJ/kg. Comparatively, the heating value of biochar from a
mixture of biodegradable and non-biodegradable waste is 33.6 MJ/kg. Consequently,
the produced gases can be used in gas engines, gas turbines, fuel cells. Bio-oils can be
used for the production of electricity, heat, syngas, or chemicals. Biochar can be
combusted in pursuance to provide energy (AlQattan et al., 2018; Beyene et al., 2018;
Czajczynska et al., 2017).

Gasification is one of the most known thermo-chemical technology applied for
the conversion of carbon-based feedstock (e.g. biomass, solid waste) into producer
gas (mainly composed of Hz, CO, CO,, and CH,), char and tar. The gasification
process appears in the presence of an oxidizing agent (air, oxygen, steam, CO,, or
mixtures of these) at the temperature range of 800-1600 °C (depending on the type of
gasifier). The gasification process includes four steps: feedstock heating and drying
(around 100 °C), devolatilisation also known as pyrolysis (around 125-700 °C),
oxidation (around 1000-1600 °C) and reduction (around 800-1000 °C). The major
gasification product is synthesis gas which can be used for the production of
electricity, heat, or used as feedstock for the production of chemicals and liquid fuels
(Kumar et al., 2017; Ramos et al., 2018, 2019). Furthermore, the heating value of the
produced gas depends on gasification agents. For example, during the gasification of
municipal solid waste, the heating values were equal to 2.4 MJ/kg, 8.5 MJ/kg, and 15
MJ/kg, when the gasifying agents were air, oxygen and steam, respectively (Watson
etal., 2018).
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Plasma gasification is an emerging thermo-chemical technology suitable to
decompose a wide range of organic and inorganic waste, including municipal solid
waste, industrial waste, hazardous waste (Ibrahimoglu et al., 2020). During the plasma
gasification process, the organic fractions of feedstock are converted into synthesis
gas mainly composed of H, and CO. At the same time, the inorganics and minerals
(e.g. glass, silicones, metals) that are not decomposed pass through a phase change
from solid to liquid, and a vitrified slag is eventually produced (Janajreh et al., 2013;
Li et al., 2016a). The vitrified slag can be used in the construction materials industry
as a building material for brick, tiles, or cement. The synthesis gas can be used for the
production of electricity, heat, as well as a chemical feedstock for the production of
hydrogen, ammonia, methanol, or other liquid hydrocarbons (Agon et al., 2016).
Additionally, plasma can be formed from air, O,, steam, N, Ar, CO, or mixtures of
these. In the plasma gasification process, a high-temperature (usually between 1500—
5500 °C, in some cases up to 14000 °C), active plasma environment guarantees
decomposition of toxic and unfavorable compounds (e.g. dioxins, furans, polycyclic
aromatic hydrocarbons, volatiles) into its primary and harmless elements (in the gas
phase). Also, the tar and char formation in the plasma gasification process is limited
due to their conversion into synthesis gas or slag (Mazzoni et al., 2017). Thus, the
process gives the ability to produce cleaner conversion products. Consequently, this
is a substantial advantage plasma provides in comparison with the conventional
gasification process (Sanlisoy et al., 2017).

Summarily, all of the above-described waste management methods have their
advantages and, in the general sense, can be adapted to the Waste-to-Energy
conversion process. However, the comparison of the disadvantages of the Waste-to-
Energy methods (Table 1.2) reveals that a considerable part of the methods is more
suitable for the decomposition of organic waste. Moreover, waste conversion using
biomechanical WtE methods takes long processing time and is sensitive to changes in
environmental conditions (e.g. temperature, overloads). The utilisation of
incineration, pyrolysis, and gasification still causes secondary pollution and faces
challenges converting wet and not homogeneous waste. On the one hand, liquefaction
is suitable for the conversion of moisty organic materials. Still, on the other hand, this
technology provides a relatively low temperature (200—400 °C) which is not sufficient
for the decomposition of special wastes including industrial, or hazardous waste.
Plasma gasification technology has its benefits on the ability to handle various types
of waste, including special wastes. Also, this technology has no restrictions to process
organic and inorganic wastes. The high-temperature environment ensures a lower
generation of pollutants that induces a greenhouse effect. Although this technology
seems superior to others, it has its challenges such as high energy requirement,
electrodes erosion, and the requirement for their change. Hence, equipment downtime
causes additional costs. Furthermore, insufficient stakeholders’ awareness of plasma
technology leads to safety concerns and causes restricted technology
commercialisation. Finally, Munir et al. (Munir et al., 2019) stated that one of the
challenges related to plasma gasification usage for Waste-to-Energy processing is
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limited understanding of the occurring processes via waste conversion. Also, the
authors emphasised that further fundamental research is needed to gain additional
information related to the conversion process, reaction kinetics, generated product
analysis and thermodynamics that would help to deal with the current situation (partial
awareness) by letting to understand the waste conversion process fully. Such research
will contribute to the full realisation of plasma technology commercialisation in the
future.

Table 1.2 Advantages and disadvantages of Waste-to-Energy technologies (AlQattan
et al., 2018; Arena, 2012; Beyene et al., 2018; Cahyanti et al., 2020; Cao et al., 2017,
Gollakota et al., 2018; Gray, 2014; Janajreh et al., 2013; Kapusta, 2018; Kumar et al.,
2017; Materazzi et al., 2013; Mazzoni et al., 2017; Munir et al., 2019; Okolie et al.,
2020; Ouda et al., 2016; Perna et al., 2018; Roser, 2019; Toor et al., 2011; United
Nations, 2019b; Watson et al., 2020; Zhang et al., 2012)

Fermentation
Benefits Limitation
o Does not contribute to the increase of CO, | o Unsuitable for waste containing less
emission organic matter
oLimited on starch/cellulose/rich waste
o Long processing time (6—48 h for ethanol)
Anaerobic digestion
o Preferred for biomass with high water | o Unsuitable for waste containing less

content organic matter
o Production of nutrient-rich digestate as an | o Sensitivity to temperature shocks and
organic fertiliser overloads

o Produced biogas contains a higher amount | o Space requirement
of CH; and a lower amount of CO; | oLess suitable to high in lignin (woody)
compared to biogas produced in landfill material due to more prolonged

o Cost-effective technology degradation

Long processing time (14-60 days)

Refuse Derived Fuel

o Waste stabilisation, sterilisation and size | o Land occupation for pallets storage
reduction o Air pollution from power plants where

o RDF pallets have a high calorific value RDF is used

oAsh formation and handling in power
plant with RDF

Incineration
o Reduce waste volume and mass up to 80 | o Produces harmful pollutants (dioxins,
% and 70 %, respectively furans, PM, SOy, NOy)
o Can handle large amounts of waste o Fly ash from incineration poses existential
o Quick treatment time health risks, including respiratory ones,

Utilisation of bottom and fly ash of | through the carriage of toxic heavy metals
incineration plants in road construction, such as mercury and lead.

cement production and recovery of ferrous | o Serious corrosion of the incineration
and nonferrous substances system by alkali metals in solid residues
and fly ash
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o Required  pollutant/emissions  control
system
oHigh investment, operational and

maintenance costs
o Social opposition

Torrefaction

o Produced solid fuel can be used as a
replacement to conventional coal

o Produced solid fuel have hydrophobic
nature and reduced biological degradation

o Produced solid fuel has greater energy
density and calorific value than the
original biomass material
Torrefied pellets generate significantly
lower emissions compared with wood
pellets at specific energy production

o Inappropriate for waste containing less
organic matter

o Economic analysis shows that torrefied
biomass is not yet competitive to wood
pellets, due to the additional investment
for torrefaction reactor

o Required biomass pretreatment before
processing it in energy applications

Liquefaction

o Appropriate for wet organic materials
(pre-drying not required)

o Water is used as a reaction medium, thus
other chemicals are unnecessary

o Management, purification of produced
wastewater

o Corrosion requires the use of expensive
alloys, and the high operation pressures

o Process is versatile and environmentally put tough requirements on process
friendly components such as feed pumps
o Lower tar yield compared to pyrolysis o The high investment cost
Pyrolysis
o Reduce waste volume up to 50-80 % oOnly  appropriate  for  relatively

o Recovers up to 80 % energy from waste

o Residence time (10-100 min)

o Produce high-quality fuel

o Reduces flue gas treatment

o Reduces land requirements
Generated products have higher calorific
values

homogeneous waste streams such as wood
or plastic waste, agricultural residues,
sewage sludge

o Generation of pollutants (H2S, HCI, NHs,
HCN, tar, PM)

o Pyrolytic water production from organic
materials

o Coke production from liquid products

o Cleaning of by-products

o Corrosion of metal tubes used in pyrolysis

o High operational and maintenance costs

Gasification

o Reduce waste volume up to 75-90 %
o Residence time (30—60 min)
o Limited formation of dioxins, NOy, and

SOy compared to incineration, thus
technology reduces greenhouse gas
emissions

o Bottom ash often produced as vitreous

o Only suitable for relatively homogeneous
waste streams such as wood waste, plastic

waste, agricultural residues, sewage
sludge
oWaste size requirements  (particle

diameter up to 100 mm)
o Waste with a high content of moisture
cannot be used as a feedstock

slag that can be used in road construction
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o Produced syngas often contains a large
amount of tar
Generation of pollutants (H2S, HCI, NHs,
HCN, PM, tar, heavy metals, alkaline
compounds)

Plasma g

asification

oAny kind of waste and different waste
composition can be used

o Reduce waste volume up to 90 %

o Residence time: few seconds for the gas
phase, minutes or hours for the liquids and
solid (e.g. 30 min — 3 h)

o No waste size requirements

o Production of benign vitrified slag which
can be used in the construction material

o Steady-state conditions, fast start-up, and
shutdown

o Requirement for appropriate waste sorting

o High operating and maintenance cost due
to high energy requirements

o Highly reactive plasma causes electrodes
erosion, thus the requirement for change
of these components lead to equipment
downtime and additional cost

o Limited society awareness of plasma
technology leading to safety concerns

o Limited technology commercialisation

o Insufficient understanding of processes

oHigher temperature causes lower
production levels of NOx, SOx, tars, chars
compared to conventional gasification or
incineration, thus technology reduces
greenhouse gas emissions

Consequently, the remaining part of this dissertation is intended to introduce the
concept and current knowledge about plasma as well as to broaden fundamental
research data about waste conversion using plasma technology. In this work, thermal
plasma technology is used for the conversion of two types of waste, crude glycerol,
which emerges in the industrial sector as a by-product of biodiesel production, and
diesel fuel contaminated soil. Since there is an intention based on political decisions
to reduce the consumption of fossil fuel worldwide, biodiesel production will likely
continue to grow. As a result, the excess of crude glycerol will also increase and will
continue to jeopardise biodiesel market stability. Meanwhile, recollecting the
projections on energy consumption over the next few decades, fossil fuel still will
remain a leader. Hence, the contamination of soil and water with petroleum products
will likely continue as well. Therefore, the conversion of crude glycerol into synthesis
gas, as well as remediation of petroleum contaminated soil utilising plasma
technology seems like a promising alternative in seeking to avoid negative economic
and environmental consequences.

1.3.  The concept and classification of plasma

Plasma is the fourth state of matter that is often described as either partially or
fully ionised gas. In the plasma state, the gas consists of electrons, ions, and neutral
species. At least part of the species in plasma is in electronically excited states, as a
result of this generating a highly reactive environment for chemical reactions (Zheng
etal., 2010).
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Traditionally, there are two main types of plasmas: high temperature and low
temperature. In this dissertation, the attention is given to the low temperature
atmospheric pressure plasmas. Within this type of plasmas, there are two distinct
divisions: thermal plasma or “quasi-equilibrium” and non-thermal plasma or “non-
equilibrium”. The thermal plasma is characterised by a high energy density and
equality between the temperature of heavy particles and electrons (T}, = T,). In such
plasma, a local thermodynamic equilibrium (LTE) exists, and the temperature of the
thermal plasma can vary from (2-20)x10° K. The atmospheric non-thermal plasma is
characterised by a high temperature of electrons and a low temperature of heavy
particles (T, » Tp,) (Gomez et al., 2009; Rahman et al., 2015; Samal, 2017). The
higher the difference between the T, and T}, the higher the deviation from the LTE
conditions exist (Tendero et al., 2006). Whereas, the temperature of the non-thermal
plasma may range from 300 K to 2000 K depending on the type of electrical
discharges (Nehra et al., 2008).

Additionally, the thermal plasma has higher enthalpy, and temperature, as well
as the high material conversion rates, is reached without using catalysts, compared
with the non-thermal plasma. Also, thermal plasma has high chemical reactivity, fast
process kinetics, and high energy conversion efficiency (Hrabovsky et al., 2018;
Rahman et al., 2015). These features are particularly useful in completely breaking
down contaminants or waste. Therefore, thermal plasma was chosen for waste
conversion research presented in this dissertation.

1.4.  The generation of thermal plasma: types of plasma torches

The generation of thermal plasma can be achieved by using a direct current
(DCQ), an alternating current (AC), a radio frequency induction (RF), or a microwave
discharge (MW) (Sauchyn et al., 2012).

RF plasma torch usually consists of an electromagnetic coil and a cylindrical
ceramic tube (Fig. 1.10 a).
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Fig. 1.10 Thermal plasma torches: a — radio--frequency inductive-coupled plasma, b —
microwave plasma (Kim et al., 2019; Murphy et al., 2018)
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The induction heating mechanism provides the energy needed to generate
plasma. Hence, an oscillating current in the coil produces an alternating magnetic field
inside the tube where an electrically conducting medium (i.e., plasma) is present.
Under the alternating magnetic field, eddy currents, which disperse heat via the Joule
heating process, are produced in the medium. The generated energy is sufficient for
the continuous ionisation of the injected gas, thus providing plasma sustainment.
Temperatures in RF inductive-coupled plasmas range from 3000 K to 10000 K and
are relatively low compared to DC thermal plasma arcs (8000-16000 K). RF plasma
torches can be used in the material processing field (e.g. nanoparticle production).
However, due to the usage of oscillator electronics, RF plasma systems exhibit low
efficiency (40-70 %) (Kim et al., 2019; Murphy et al., 2018; Ruj et al., 2014).

The most common design of microwave plasma torch is a tube (ceramic or
quartz) passing through a waveguide (Fig. 1.10 b). The waveguide is tuned, so the
electric field is maximum at the location of the tube. The plasma forming gas flows
through the tube, which is transparent to microwave radiation, intersecting with a
rectangular waveguide to initiate the discharge. The injection of the gases guarantees
the stabilisation of electromagnetic surface waves launched from a microwave source.
This type of plasma can be applied to material processing (e.g. the fabrication of
nanomaterials) (Bogaerts et al., 2018; Kim et al., 2019; Murphy et al., 2018).
However, MW plasma is not widely used as DC and RF plasmas.

In DC plasma torch, applied high-voltage between cathode and anode
guarantees the initial generation of the electric arc in DC plasma torch and gases flow
around the arc column for heating via conductive, convective, and radiative heat
exchanges (Kim et al., 2019). Furthermore, the DC plasma torches can be divided into
transferred and non-transferred arc torches (Fig. 1.11).
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Fig. 1.11 Thermal plasma torches: a — non-transferred arc, b — transferred arc (Kim et al.,
2019)

In terms of the transferred arc plasmas, one of the electrodes (anode) can be the
treated material and is placed in an electrically grounded metallic vessel (Fig. 1.11 b).
Hence, an electrically conductive material should be chosen as a reacting material,
most often graphite (Huang et al., 2007; Safa et al., 2014). This type of torches can
produce extremely high thermal fluxes since the plasma arc is formed outside the

27



water-cooled body of the torch. Thus, temperatures in DC transferred arc plasmas
ranges from 12000 K to 20000 K. Moreover, transferred arc plasma can be used in arc
welding, plasma cutting, melting processes, and waste treatment (Murphy et al., 2018;
Ruj et al., 2014; Tatarova et al., 2014).

The DC non-transferred arc torches are those where a high-temperature arc is
contained inside the discharge chamber of the plasma torch and it interacts with a
flowing gas to produce a hot jet into which the material to be processed can be injected
for in-flight melting and vaporisation (Fig. 1.11 a) (Gomez et al., 2009; Tatarova et
al., 2014). Temperatures in DC non-transferred arc plasmas ranges from 8000 K to
16000 K. Li et al. (Li etal., 2012) pointed out that this type of the torches is one of the
most widely used thermal plasma devices which operate under atmospheric pressure.
Typically, this type of plasma can be used for plasma spraying, gasification, waste
treatment (Murphy et al., 2018).

Summarily, in materials processing, the DC arc plasmas dominate because they
are relatively insensitive to the changes in process conditions, have a more stable
operation (the arc is more stable), and better process control. Moreover, DC plasma
systems exhibit efficiency (above 70 %) higher than RF plasma systems (40-70 %)
(Kim et al., 2019; Tang et al., 2013; Tatarova et al., 2014). However, a more
significant drawback of DC arc plasmas is electrode erosion, and the neediness to
replace them from time to time. After the evaluation of plasma torches benefits and
limitations, the DC non-transferred thermal plasma was chosen to apply for the waste
(crude glycerol and diesel fuel contaminated soil) conversion research presented in
this dissertation.

1.5.  The generation of thermal plasma: types of plasma forming gas

Plasma technologies are based on the generation of charged particles (electrons,
ions) and reactive radicals (Fig. 1.12).
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Fig. 1.12 Simplified scheme of plasma formation, adapted from Wang et al. (Wang et al.,
2014a)
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These plasma species initiate and accelerate plasma-chemical reactions. The
type of radicals depends on the type of gas used for the plasma formation. Generally,
the use of Ar, Na, Hz, O, and air as a plasma forming gas has become a traditional
choice (Chau et al., 2011; Tang et al., 2013). Especially air has become preferable due
to its easy accessibility and utilisation. However, the air has a high amount of nitrogen,
and the formation of unfavourable NOx can be obtained. Also, atomic N, N*, NI have
lower oxidative potentials compared to -O radicals (Wang et al., 2010). The argon
plasma has low enthalpy and low thermal conductivity, hence the lower degradation
potential of organic pollutants compared to air or oxygen plasmas. Currently, much
attention attracts plasma torches operating on water vapour/steam. Water vapour
consists of hydrogen and oxygen; besides, atomic hydrogen has higher thermal
conductivity than atomic nitrogen or oxygen (Rutberg et al., 2013a). Also, water
vapour plasma has a high enthalpy and a high oxidation-reduction capacity
(Hrabovsky et al., 2017; Ni et al., 2012). This plasma contains ‘H, ‘O, and -OH
radicals, and the latter one is considered the second most reactive species next to
fluorine atom (Cheng et al., 2016). Also, -H radicals are significantly more reactive
than -O radicals (which are the leading radicals in the O or air plasmas). Thus, this
infers that the plasma environment consisting of ‘H, -O, and -OH radicals can induce
more intensive decomposition of the organic pollutants such as diesel fuel, or crude
glycerol. Furthermore, during the operation of the DC water vapour plasma torches
instead of pure water a mixture of gas and water vapour is usually used, thus ensuring
the reduction of the cathode erosion as well as enabling to extend the lifetime of the
system.

1.6. Parametric characteristics of the plasma torches

Before the practical usage of the plasma technology for waste or another
material conversion, it is crucial to establish the parametric characteristics of the
plasma torch. It is the only way to ensure a stable operating mode because every
plasma torch has its inherent voltage-current characteristics (VCC) according to its
geometry, flow rate, and type of the working gas used (Pan et al., 2011). Hence,
voltage-current characteristics are the most important characteristics of the plasma
arc, helping to determine optimal parameters of the plasma torch. Typical examples
of voltage-current characteristics of arc, which is burning in channels with different
diameters, are given in Fig. 1.12. In the case, when channel walls influence the
properties of the arc and part of the plasma arc energy is transferred to the channel
walls, or when channel walls restrict the growth of the arc diameter via the increase
of the arc current, the curve of the voltage-current characteristic become rising (Fig.
1.12 a). Such type of curve shows a stable work of the plasma torch. In the case, when
arc burns in the large-diameter channel, the influence of the channel walls on the arc
properties is small, and the current increase causes a decrease of the arc voltage. Thus,
the curve of the voltage-current characteristic becomes falling (Fig. 1.12 b). Such type
of curve shows the unstable work of the plasma torch (Boulos et al., 1994; Howatson,
1976).
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Fig. 1.12 Voltage-current characteristics of the plasma arc in the channel with: a —
smaller diameter limited by walls, b — larger-diameter (Howatson, 1976)

A number of voltage-current characteristics evaluations have been performed
for developing plasma technologies. Several examples are provided below.

Mohsenian et al. has evaluated the VCC of twin DC thermal plasma torch
applied to polymer waste treatment (Mohsenian et al., 2015). Researchers stated that
voltage-current characteristics depend on working gas flow rates of the plasma torch
and found that arc voltage increases with the increase of argon gas flow rate (from 21
slpm to 41 slpm). Lee et al. investigated the voltage-current characteristics of the DC
arc plasma torch with a distributed anode spot (Lee et al., 2007). They have noticed
the same tendency as Mohsenian et al.; the greater the argon flow rate, the higher the
arc voltage is (Fig. 1.13). Also, researchers noted that all of the voltage-current
characteristics have decreasing curves that slightly increases at the highest arc
currents.
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Fig. 1.13 Voltage-current characteristics dependence on the Ar flow rate in the cathode

channel (W cathode & 3.2 mm; da =1.5 mm; Lac =2 mm; Qa,t =5 nl/min; Qarc =2-5 nl/ min)
(Lee et al., 2007)

Rutberg et al. (Rutberg et al., 2013b) have established the voltage-current
characteristics of a three-phase steam-air plasma torch designed for gasification of
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high-caloric waste. Researches compared VVCC for different ratios of steam/air flow

rates (Fig. 1.14) and noticed that growth in the proportion of air causes a decrease in

voltage. Also, they stated that VCC is dropping in all cases due to the discharge

temperature increase with the growth of the current.
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Fig. 1.14 Voltage-current characteristics of steam-air plasma torch; steam flow rate is equal
to 3.7 g/s, and air flow rate is shown for different regimes in g/s (Rutberg et al., 2013b)

Liu et al. (Liu et al., 2018) investigated voltage-current characteristics of DC
steam plasma torch. The effect of the arc current, the diameter of the stepped anode
and the flow rate of the working gas on the arc voltage are shown in Fig. 1.15.
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Fig. 1.15 Voltage-current characteristics of steam plasma torch using different anodes T-Al
(d1, dz equal to 10 and 18 (x10*m)) and T-A2 (ds, d, equal to 20 and 30 (x1073 m)). N2 as
shielding gas flow is 25 g/min (Liu et al., 2018)

Researchers noticed that the arc voltage slightly decreases with the increase of
the arc current when the steam flow rate is constant. Also, they noted that the arc
voltages are higher when the anode diameter is larger (T-A2). Moreover, they found
out that the arc voltages increases noticeably with the increase of the steam flow rate
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when the arc current is constant. Finally, scientists stated that the arc voltage depends
on the type of plasma forming gas and emphasised that the arc voltage is lower when
air is used as a working gas compared to steam at the same gas flow rate (40 g/min)
(Liu et al., 2018).

The determination of plasma torch parametric characteristics applying the
experimental method gives the experimental data allowing to gain a complete
description of the plasma torch characteristics. However, the experimental method is
expensive and requires an extended period for the study as well as a heavy workload.
Thus, the second, mathematical method based on the theory of similarity is often
applied. This method allows obtaining a generalisation for calculation of the discharge
characteristics in the plasma torch without a large number of experiments. Hence, only
some experiments are required to apply the theoretical formulas (Bublievsky et al.,
2015; Li et al., 2005). Consequently, the latter method is also used in this dissertation.
More detailed information on the application of similarity theory to determine plasma
torch parametric characteristics is given in the methodology section.

1.7. Crude glycerol — a by-product of biodiesel production

Fluctuating crude oil prices, domestic policies (e.g. mandates and production
subsidies), aspiration to increase the share of renewable fuels in overall energy
balance and willingness to reduce the net climate impact of energy use, encouraged
production and consumption of biodiesel worldwide (Deepayan et al., 2018; Naylor
et al., 2017, 2018). Correspondingly, global biodiesel production (Fig. 1.16)
considerably increased from 2.1 billion liters in 2004 to 37.3 billion liters in 2017

(REN21, 2017, 2018).
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Fig. 1.16 Global biodiesel production from 2004 to 2017 and projection of its production
from 2018 to 2028 (OECD-FAOQ, 2017, 2019; REN21, 2017; REN21, 2018)
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Also, it is expected that the world biodiesel production will grow from 37.3
billion liters in 2017 to 44 billion liters by 2028 (OECD-FAO, 2017, 2019).
Furthermore, significant changes in biodiesel utilisation in the European Union (EU)
transport sector were observed between 2010 and 2018 (Fig. 1.17). Consumption of
biodiesel raised from 8018 ktoe to 13906 ktoe (EurObserv’ER, 2010, 2019).
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Fig. 1.17 Biodiesel consumption for the transport sector in European Union from 2008 to
2018 (EurObserv’ER, 2010, 2011, 2012, 2013, 2014, 2015, 2016, 2017, 2018, 2019)

The EU began to use biodiesel as a substitute for conventional diesel, which
traditionally prevailed in the EU transport before. This tendency allowed the EU to
become one of the leading biodiesel producers in the world, comprising 37 % of global
output (Naylor et al., 2017; Torry et al., 2011; UFOP, 2018). Moreover, the EU’s
general demand for diesel fuel continues to rise. The latter trend as well as domestic
policies further induces the expansion of biodiesel production in the EU (Deepayan et
al. 2018; Naylor et al., 2017). It is expected that the European Union, the United
States, Brazil, Argentina, Indonesia, considered as the main biodiesel producers, will
further continue their leadership in the development of the biodiesel market.

However, even if biodiesel is acknowledged as a sustainable substitute to fossil
fuels (Anitha et al., 2016; Nanda et al., 2016), the production of biodiesel via
transesterification process has a by-product — crude glycerol. Crude glycerol usually
accounts for 10 % of the total volume of biodiesel production (Algoufi et al., 2017;
Bagheri et al., 2015; Kong et al., 2016; Sanchez et al., 2012; Yus et al., 2018). As a
result, increasing biodiesel production rises surplus generation of glycerol. Thus, it
negatively affects the biodiesel market and causes an environmental problem because
it cannot be safely disposed to the environment (Da Silva et al., 2009; Rahman et al.,
2017). Since crude glycerol is not hazardous to the environment, it still contains
impurities such as alcohol (typically methanol), free fatty acids, fatty acids methyl
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esters, organic and inorganic salts, monoglycerides, diglycerides, vegetable colours,
oil, alkali metals, soaps, diols, and water (Hajek et al., 2010; Liu et al., 2012; VVarrone
etal., 2013; Yang et al., 2012). These impurities prevent the use of crude glycerol in
lieu of pure glycerol in the pharmaceutical, food, cosmetics, cleaning industries.
Furthermore, the removal of impurities from crude glycerol is economically
unprofitable (He et al., 2017; Menezes et al., 2018).

Nevertheless, conversion of excess crude glycerol into higher value-added
products, including alcohol, bio-oil, biomethane, synthesis gas (H.+CO), and
hydrogen looks like a viable and promising option (He et al., 2017). Essentially, the
generation of synthesis gas and hydrogen is a potentially-economic and
environmentally-benign solution. Thus, synthesis gas can be used to produce
electricity, chemicals and/or liquid fuels (e.g. dimethyl ether, methanol, hydrogen,
methane, ammonia) (Jia et al., 2017; Sanlisoy et al., 2017). Hydrogen, as an
environmentally friendly energy carrier, can be used in fuel cells and the transport
sector. Also, it can be used in the pharmaceutical and chemical industries (Bepari et
al.,, 2017; Schwengber et al., 2016a). Consequently, diverse methods such as
fermentation, liquefaction, digestion, steam reforming, pyrolysis, gasification are to
be used for the conversion of crude glycerol (Fig. 1.18) (He et al., 2017).

Fig. 1.18 Glycerol conversion methods and products that can be received from glycerol (He
etal., 2017)

Moreover, the utilisation of thermal plasma for crude glycerol gasification
provokes a great interest. Firstly, the conversion process is fast in time and any
additional materials or special catalysts are not required. Secondly, the generation of
higher value-added products, as well as the complete decomposition of organic
compounds, is obtained. Thus, crude glycerol gasification into syngas can possibly
promote economic development by increasing the market value of glycerol and
biodiesel. This was obtained in a number of studies. Zhang et al. (Zhang et al., 2017b)
performed the gasification of glycerol into synthesis gas by a rotating DC arc plasma.
It was determined that carbon conversion increased from ~35 % to ~100 % with the
increase in input power from 7 kW to ~17 kW. However, carbon conversion decreased
with the increase of the feeding rate of crude glycerol from 30 g/min to 50g/min.
Moreover, the energy conversion efficiency of 66 % and a gaseous mixture of CO (38
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%) and H (56 %) were observed. Yoon et al. (Yoon et al., 2013) used microwave
plasma to gasify crude glycerol. It was observed that increasing O/fuel ratio from 0
to 1.2, caused the decrease of the cold gas efficiency from ~98 % to ~5 % and decrease
of the synthesis gas heating value from ~3000 kcal/Nm? to ~100 kcal/Nm?®. Moreover,
increasing O/fuel ratio induced the increase of the carbon conversion from ~80 % to
~93 %. Furthermore, it was also found that increasing microwave power from 1t0 1.8
kW, raised the H; and CO content in the synthesis gas. It also led to the increased
synthesis gas heating value, carbon conversion, and cold gas efficiency. Also, Yoon
et al. (Yoon et al., 2010) used a bench-scale entrained flow gasifier for the utilisation
of the crude glycerine with air as a gasification agent. It was stated that the values of
carbon conversion and cold gas efficiency increased by more than 75 % and 60 %,
respectively, as the air ratio increased from 0.17 to 0.32. Besides, the H, and CO
content in the producer gas slightly increased as the air ratio increased. Watanabe et
al. (Watanabe et al., 2013) performed the decomposition of glycerine by DC water
plasma torch at atmospheric pressure. It was found that at glycerine concentration of
5 mol % and the power of the plasma torch being equal to 0.55-1.05 kW, glycerine
was decomposed mainly into H, (68.9-71.1 %), CO; (18.9-23.0 %), and CO (0.2-0.6
%). The content of produced synthesis gas (H. and CO) was equal to 69-72 %.
Nevertheless, traces of formic acid (HCOOH) and formaldehyde (HCHO) were
detected in the liquid effluent. Based on experimental research it was concluded that
the waste treatment process using DC water plasma torch is suitable for being an
alternative green technology for organic waste decomposition. Tamosiiinas
(TamoSituinas, 2014) in his dissertation, presented the research of glycerol conversion
by using DC thermal plasma torch at atmospheric pressure. Water vapour was used as
a plasma forming gas. The researcher evaluated the effect of the water vapour flow
rate (2.63-4.48 g/s), glycerol flow rate (2-4 g/s), and plasma torch power (48-56 kW)
on the glycerol conversion process. Also, the quantification of the plasma system in
terms of energy efficiency and specific energy requirement was carried out. Obtained
results showed that the generation of producer gas increased from 54 % to 59 %, when
the H>0O/C3HgOs ratio increased from 1.3 to 2.2 at the constant glycerol flow rate (2
g/s), and at varying water vapour flow rate from 2.63 g/s to 4.48 g/s. Also, it was noted
that with the increase of glycerol content from 2 g/s to 4 g/s at the plasma torch power
of 53 kW and water vapour flow rate of 3.71 g/s, the generation of producer gas
increased from 59 % to 65 %, whereas at the plasma torch power of 56 kW and water
vapour flow rate of 4.48 g/s, the generation of producer gas increased from 57 % to
62 %, respectively. Moreover, it was noticed that with an increase of the plasma torch
power from 48 kW to 56 kW, producer gas generation from glycerol conversion
increased from 59 % to 89 %, while the glycerol conversion to char decreased from
40 % to 11 %. Furthermore, it was stated that at the constant glycerol flow rate (2 g/s),
the energy conversion efficiency increased from 40 % to 51 %, whereas the specific
energy requirement decreased from 72 kJ/mol to 59 kJ/mol, when the water vapour
flow rate and plasma torch power varied from 2.63 g/s to 4.48 g/s and 48 kW to 56
kW, respectively. In the case, when the glycerol flow rate was equal to 4 g/s, the

35



energy conversion efficiency increased from 51 % to 52 %, whereas the specific
energy requirement decreased from 46 kJ/mol to 44 kJ/mol, when water vapour flow
rate and plasma torch power ranged from 3.71 g/s to 4.48 g/s and 53 kW to 56 kW,
respectively. The researcher concluded that the better glycerol conversion using
thermal water vapour plasma could be achieved at the higher water vapour flow rate
and plasma torch power. Also, the author inferred that future work should focus on
the establishment of the optimal glycerol conversion process (Tamogitnas et al.,
2016).

Although the above-presented research shows that plasma can be used for the
conversion of crude glycerol, there is still insufficient data to achieve optimal process
performance. The information about the mass and energy balance of the plasma
technologies is weak. Thus it is difficult to evaluate the efficiency of the presented
plasma systems. Consequently, one of the aims of this dissertation was to continue the
research of crude glycerol conversion into synthesis gas using a direct current (DC)
thermal arc plasma, which was started by TamoSitinas and presented in his
dissertation. The latter one was prepared in Lithuanian Energy Institute, Plasma
Processing Laboratory, as well as this present dissertation. Secondly, the purpose was
to evaluate the crude glycerol gasification system in terms of the H,/CO ratio, the
lower heating value, the carbon conversion efficiency, the cold gas efficiency, the
energy conversion efficiency, and the specific energy requirement. And finally, to
evaluate the mass and energy balance of the proposed technological system allowing
to determine the effectiveness of the thermal plasma gasification system. In such a
way, seeking to contribute and supplement existing crude glycerol conversion
experimental studies results and general information of this research area.

1.8. Soil contamination with petroleum products

Soil pollution refers to the presence in the soil of a chemical or substance out of
place and/or present at a higher than the normal concentration that has adverse effects
on any non-targeted organism. Soil pollution generally is inconspicuous, meaning that
frequently it cannot be visually seen and directly assessed. Consequently, soil
pollution is identified as the third threat to soil functions in Europe, obscured only by
soil erosion (first threat) and organic matter decline (second threat). The major sources
of soil pollution are of anthropogenic origin. The main anthropogenic sources of soil
pollution are the chemicals used in or produced as by-products of industrial activities,
municipal and domestic wastes, including wastewater, agrochemicals, and petrol-
derived products. These chemicals are released in the environment in two ways:
accidentally (e.g. oil spills, leaching from landfills) and intentionally (e.g. use of
fertilisers, pesticides) (Cachada et al., 2018; FAO and ITPS, 2015; JRC, 2018;
Rodriguez-Eugenio et al., 2018).

The breakdown of the main sources causing soil contamination in Europe as a
percentage of sources over the total number of sources identified are shown in Fig.
1.19. European shares have been calculated as average over 22 European Economic
Area countries. More than two-thirds of the local soil contamination is caused by
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waste disposal and treatment (38.1 %), as well as industrial and commercial activities
(34 %). The remaining soil contamination comes from storage (10.7 %), others (8.1
%), transport spills on land (7.9 %), and military (3.4 %). Nuclear operations induce
negligible soil pollution (0.1 %). The explanation of what compose “storage” and
“others” is given in Table 1.3 (EEA, 2014).

B Waste disposal & treatment M Industrial & commercial activities
Storage [l Others
B Transport spills on land H Military
B Nuclear operations I —— 40
- 38,1 )
34 32
24
=
16
10,7

Fig. 1.19 Key sources of soil contamination in Europe, adapted from the European Economic
Area (EEA, 2014)

Table 1.3 Distribution of soil contamination sources, adapted from the European
Economic Area (EEA, 2014)

oindustrial and commercial services

Industrial and .
omining

commercial . . .
activities ooil extraction and production

o power plants

ooil storage

o oil extraction and storage sites
Storage o obsolete chemical storage

ostorage of manure

o other storage

Transport spills | ooil spills

on land o other hazardous substance spills
omilitary operations

Military o war-affected areas
o other sources (e.g. shooting ranges)
Others oagricultural sites (pesticide and

mineral fertilisers storages, farms)
o wastewater treatment facilities
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The main contaminant categories affecting soil in Europe are heavy metals (35 %),
mineral oils (24 %) followed by polycyclic aromatic hydrocarbons (11 %), aromatic
hydrocarbons (10 %), and chlorinated hydrocarbons (8 %) (Fig. 1.20). The rest contamination
belongs to phenols (2 %), cyanides (1 %), and other contaminants (9 %) (EEA, 2014).

Chlorinated Phenols

hydrocarbons_ 2%
\ \ / Heavy metals
/35%

8%

Others
9%

Aromatic
hydrocarbons
10%

Polycyclic aromatic/

hydrocarbons .
1% T Miner:

Fig. 1.20 Contaminants affecting soil in Europe, adapted from the European Economic Area
(EEA, 2014)

Additionally, according to the European Environmental Agency, the production
sector causes 60 % of contribution to local soil contamination in Europe, while the
service sector induces 32 %. Moreover, gasoline stations are the main sources of soil
contamination (15 %) for the service sector (EEA, 2014).

Thus, soil contamination by petroleum hydrocarbons is a frequent problem
worldwide, especially since global economic activities are strongly related to
petroleum-based energy sources (Lominchar et al., 2018; Scafutto et al., 2017).
Among various products, which constitutes the term petroleum hydrocarbons, diesel
fuel is recognised as one of the most common soil pollutants due to its broad usage in
transport (cars, trucks, trains, ships), mining equipment, excavation machinery
(Khudur et al., 2015; Lominchar et al., 2018; Resito}u et al., 2015). Also, due to its
penetration into the soil in various ways such as leakage from underground storage
tanks, accidental spills, improper waste disposal practices, and leaching landfills
(Lahel et al., 2016; Roy et al., 2014). Generally, diesel fuel consists of saturated
hydrocarbons (alkanes, cycloalkanes, such as naphthenes) and unsaturated
hydrocarbons (olefins, aromatics), which contains Ce-C,7 carbon atoms. Also, a slight
content of sulphur, nitrogen, oxygen, and metal compounds constitutes diesel fuel
(Chen et al., 2017; Demirbas et al., 2017; Vempatapu et al., 2017). The difference in
the chemical composition of crude oil, as well as dependence on different refining
processes and standards, causes a variation of hydrocarbons mixture from which
diesel fuel is produced (Aleme et al., 2010; Szymkowicz et al., 2018). Because of
wide and careless usage of crude oil in the form of various fuels, it is hard to avoid
any leakage or accidents, which causes negative impact on terrestrial ecosystems via
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soil contamination. Diesel fuel, gasoline, greases, kerosene and other petroleum
hydrocarbons strongly adsorbs and remains in the soil, which is difficult to eliminate
such pollutants from this medium (Bocos et al., 2015; Sandu et al., 2017). Thus, the
remediation of these contaminants is essential.

Various soil remediation technologies such as biological (e.g. phytoremediation),
chemical (e.g. chemical oxidation), physical (e.g. soil flushing), thermal (e.g. thermal
desorption), physicochemical (e.g. solvent extraction), and integrated (e.g. physical-
biological, chemical-biological) are used for this purpose (Lim etal., 2016). However,
some of these technologies have drawbacks including long treatment time, required
specific conditions for the growth of the microbial community, consumption of
chemical reagents and generation of secondary pollutants (Boulakradeche et al., 2015;
Wang et al., 2015; Zhang et al., 2017a).

In the meantime, Ma et al. (Ma et al., 2018) indicated that remediation technology,
which can work in a short timeframe and is highly efficient, has a possibility to emerge
as a priority for redeveloping contaminated soil sites. Recently, plasma technologies
have attracted attention due to advantages of high efficiency, no special requirements
for the pre-treatment of the raw soil, no needs of supplementary materials (all energy
required for chemical processes comes from plasma), rapid remediation process,
broad applicability for diverse contaminants and different concentrations, and
avoidance of secondary pollution of soils (Tamositinas et al., 2012; Zhang et al.,
2017a).

One of the first research of kerosene contaminated soil treatment with non-thermal
dielectric barrier discharge plasma was performed by Redolfi et al. (Redolfi et al.,
2009, 2010). Researches pointed out that the total degradation efficiency of kerosene
reached nearly 90 %. Wang et al. (Wang et al., 2014b, 2014a) used a multi-channel
pulsed discharge plasma system to treat soil contaminated with organic pollutant (p-
Nitrophenol). In both cases, it was determined that approximately 45.7-90.7 % of p-
Nitrophenol was degraded depending on the voltage used. Aggelopoulos
(Aggelopoulos, 2016) investigated remediation of soil contaminated by 2,6-
dichloropridine and n-dodecane using a non-thermal DBD reactor. Both contaminants
were completely degraded after the plasma treatment process regardless of soil type
and initial contaminant concentration. Lu et al. (Lu et al., 2017) investigated the
remediation of soil contaminated by polycyclic aromatic hydrocarbons using pulsed
corona discharge plasma. Researches indicated that after 40 minutes of the
remediation process, PAHs degradation efficiency varied from 50.5 % to 74 %
depending on the initial pollutant concentration (200 mg/kg—50 mg/kg, respectively).
Moreover, Li et al. (Li et al., 2016b) carried out remediation of phenanthrene
contaminated soil using pulsed DBD plasma and referred that removal efficiency
reached up to 89.8 % depending on the voltage used. Zhan et al. (Zhan et al., 2019)
used pulsed corona discharge plasma to treat soil contaminated with gasoline.
Researchers performed a broad study by evaluating various factors (e.g. gas flow rate,
type of the plasma forming gas, initial gasoline concentration, soil pH, etc.) influents
to contaminated soil treatment success. In the case of gas flow rate, it was determined
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that degradation efficiency of gasoline increased from 70 + 3.2 % to 83 + 3.9 % with
the increase of gas flow rate from O L/min to 0.6 L/min, respectively, and decreased
to 60 = 3.3 % when flow rate was 6 L/min. Also, it was noted that the gasoline
degradation efficiencies were 86 + 4.3 %, 84 £ 5.3 %, 39 + 2.6 %, and 23 + 3.6 %
under air, oxygen, argon, and nitrogen atmospheres, at the same soil moisture content
(1.8%), thus demonstrating that the efficiency of gasoline degradation depended on
the type of plasma forming gas. Moreover, researchers stated that 88 + 3.2 % of
gasoline was degraded after the 60 min treatment process of polluted soil when initial
gasoline concentration was 2 g/kg. Obtained degradation efficiency was
approximately 15 % higher than at the initial gasoline concentration of 3 g/kg and 33
% higher than at the initial gasoline concentration of 4 g/kg. Furthermore, researchers
indicated that alkaline (pH=8.9) and neutral (pH=7.2) soil conditions were more
beneficial to gasoline degradation than acidic conditions (pH=3.1 and 5.9).
Accordingly, at a pH of 8.9, 75 + 4.3 % of gasoline was degraded within 60 min.
Obtained degradation efficiency was approximately 2 %, 14 %, and 57 % higher than
atapHof 7.2,5.9 and 3.1, respectively.

Although there is some research on non-thermal plasma application for the
remediation of soil contaminated by petroleum-based pollutants, these technologies
are still new and insufficiently explored. Also, non-thermal plasma technologies
cannot yet provide 100 % contaminant removal from the soil. Furthermore, the data
about the usage of thermal plasma technologies for the remediation of polluted soil
was not found. In this regard, the research of thermal plasma applicability for the
remediation of soil contaminated by petroleum-based pollutants is needed.
Consequently, one of the purposes of this dissertation was to perform such research
and evaluate the ability of thermal plasma to clean the polluted soil completely, as
well as supplement the existing knowledge of soil remediation with plasma
technologies.

1.9. Chemical reactions taking place in a plasma-chemical gasification system

The ability to initiate the gasification process in the plasma-chemical reactor
starts with the formation of the plasma environment. Plasma consists of the generated
electrons, ions, reactive radicals, as well as excited atoms and molecules. Depending
on the type of the plasma forming gas, the energetic electrons emitted from cathode
interacts with gases and forms reactive radicals. In the case when the water vapour is
used as a plasma forming gas, the plasma reactive species (O-, H- and OH-) are formed
during the chemical reactions which are provided below (Davazdah Emami et al.,
2016; Maghbouli et al., 2014):

H,0+ e~ > H-+0H- +e” (1.1)
H,0+ O0-- 20H- (1.2)
Hy+ O--OH-+H- (1.3)
H,+ OH-— H,0+ H- (1.4)
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In the case of air as a plasma forming gas, the generated plasma reactive species
(O, N*) also can form the nitrogen oxides via the gas-phase reactions (Cubas et al.,
2019; Du et al., 2008; Sarangapani et al., 2016; Shen et al., 2019):

O,+e” =520 +e” (1.5)
N,+ e -2N- +e” (1.6)
N-+0-- NO 1.7)
NO+0-- NO, (1.8)

Hence, plasma technology is based on the generation of charged particles and
reactive radicals. These highly energetic species, as well as high plasma temperature,
creates the environment needed to initiate waste (e.g. crude glycerol, diesel fuel)
conversion reactions and accelerate the kinetics of waste decomposition into gaseous
compounds (mainly H,, CO, and CO,).

The main chemical reactions of glycerol conversion are given below (Freitas et
al., 2014; Gallo et al., 2012; Schwengber et al., 2016b; Wang, 2010):

Glycerol decomposition (cracking):

C3HgO5; < 4H, + 3C0 (1.9
Glycerol partial oxidation reactions:

C3HgO3 + 0.50, & 2C0 + CO, + 4H, (1.10)
C3Hg05; + 1.50, & 3C0, + 4H, (1.11)
Glycerol complete oxidation reaction:

C3HgO3 + 3.50, & 3C0, + 4H,0 (1.12)
Methanation/hydrogenation:

CO + 3H, & CH, + H,0 (1.13)
Methanation:

CO, + 4H, & CH, + 2H,0 (1.14)
Steam reforming:

C3Hg05; + 3H,0 < 3C0, + 7H, (1.15)
Water-gas shift:

CO + H,0 < CO, + H, (1.16)
Hydrogenolysis:

2C3Hg03 + Hy <> 3CH, + 3C0, + 3H,0 (1.17)

Water splitting (dissociation):
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2H,0 — 2H, + 0, (1.18)

The general chemical reactions of diesel fuel conversion are submitted below
(Lee et al., 2010; Lutz et al., 2004; Martin et al., 2015; Maximini et al., 2012):

Partial oxidation:

CoHpy + 202 - nCo + %Hz (1.19)
CoHy + g (0, + 3.76N,) = nCO + %HZ + 3.76(§)N2 (1.20)
CpHpy +1n(0, + 3.76N,) - nCO, + %Hz + 3.76nN, (1.21)
Complete oxidation:

Coll + (n+2) 05 > nC0O, + 2 H,0 (1.22)
Steam reforming:

C,H, +nH,0 - nCO + (n + m/2) H, (1.23)
Water-gas shift reaction:

Apart from general reactions (1.19-1.24), the side reactions (formation of
coke) can occur:

Boudouard reaction:

2C0 & C + CO, (1.25)
Reverse gasification:

CO + H, & C + H,0 (1.26)
Decomposition:

C,H, ©nC + m/2H, (1.27)

The presented reactions will help to explain and understand the experimental
results obtained during the waste conversion, which are provided in the results and
discussion section.

1.10. Substantiation of the thesis topic and the author’s contribution to the
work

The literature review provided projections of changes in the human population
and energy consumption worldwide, as well as statistics on the present waste
generation in the world. Also, the forecasts of future global waste production were
presented. Further, the focus was on familiarising with the technologies currently in
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use for the waste-to-energy conversion process and analysing their advantages and
disadvantages, in such a way highlighting the general situation in this area. The
presented information showed that most technologies are not well suited for the
conversion of various mixed or special wastes (e.g. industrial, hazardous wastes), but
more suitable for the conversion of organic wastes. Also, these technologies face other
issues such as long periods of the conversion process, sensibility to the changes in the
environmental conditions, generation of secondary pollutants, usage of chemical
reagents. Meanwhile, plasma technologies can be applied for the conversion of
various types of waste, including special wastes. Also, plasma technologies have no
limitations to process organic and inorganic wastes and are considered as a viable
solution for waste management in the future. Thus, after this, the emphasis was placed
on plasma technologies and its application for the conversion of liquid (crude
glycerol) and solid (petroleum hydrocarbons contaminated soil) waste. However, the
use of plasma technologies for the conversion of these wastes is not sufficiently
studied. The presented research data shows that plasma technologies can be applied
for the conversion of crude glycerol, but there is still negligible information to achieve
optimal process performance. Also, the data about the mass and energy balance of the
plasma technologies is insufficient, and it is hard to evaluate the efficiency of the
represented plasma systems. In terms of solid waste conversion, the application of
plasma technologies for the remediation of petroleum hydrocarbons contaminated soil
can also be attributed to the field consisting of insufficient research. Only non-thermal
plasma applications for the remediation of soil contaminated by petroleum
hydrocarbons have been found in the scientific literature. Meanwhile, no studies
presenting the use of thermal plasma for soil remediation have been found.

After the revision of the scientific literature, it was decided to perform three
types of experimental research:

o Determination of electrical and thermal characteristics of the plasma torch.
These experiments will allow selecting plasma forming gases that will
provide the most stable performance of the plasma torch and the most suitable
environment for waste conversion. Different plasma torches have different
parametric characteristics, therefore, conducting these types of experiments
is essential.

o Conversion of crude glycerol into synthesis gas using a direct current (DC)
thermal arc plasma. The main emphasis is placed on finding suitable
operation conditions for the optimal crude glycerol conversion and
determination of system efficiency through the calculation of energy and
mass balances. Also, the accent is placed on carrying out system
quantification in terms of the H,/CO ratio, the lower heating value, the carbon
conversion efficiency, the energy conversion efficiency, and the specific
energy requirement. These experimental studies are a continuation of
previous research conducted at the Lithuanian Energy Institute, Plasma
Processing Laboratory.
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o Remediation of diesel fuel contaminated soil using a direct current (DC)
thermal arc plasma. These experimental studies will allow evaluating the
suitability of thermal plasma to treat petroleum-hydrocarbons polluted soil.
The main emphasis is placed on the determination of soil remediation process
dependence on plasma forming gas and contaminant concentration. These
experimental researches will complement the understanding of the plasma-
based soil remediation process.

Summarily, the amount of waste generation is continuously increasing, and the
ways are being sought to deal with it most sustainably and efficiently. Thus,
experimental research and evaluation of the obtained results will reveal the potential
of thermal plasma technology to convert liquid and solid waste and will complement
a vital area of waste management.
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2. METHODOLOGY

2.1. Material used

The thermal plasma technology was applied for gasification of the crude
glycerol and remediation of soil contaminated by diesel fuel. The crude glycerol was
obtained from “Rapsoila, UAB” producing biodiesel mainly from rapes. The
composition of the crude glycerol is listed in Table 2.1. The feedstock contains 85
wt % of C3HgOs, and the remaining 15 wt % consists of NasPO4, CH;RCOOH,
CH30H, and H:O, respectively.

Table 2.1 The composition of the crude glycerol

Chemical compound  Concentration, wt %

CsHsgOs 85.00
H.0 9.00
Na3P04 4.00
CH3RCOOH 1.50
CHsOH 0.50

The clean loamy-sandy soil was collected from the Kaunas region, Lithuania
(Fig. 2.1). The soil was dried in an oven at 70+1 °C for 24 hours to ensure smooth
and stable supply through a screw feeder to the reactor. After drying, the soil was
sieved through a 2-mm mesh to remove stones and other debris. Dried and sifted soil
was artificially polluted in the Lithuanian Energy Institute, Plasma Processing
Laboratory, by commercial diesel fuel at different concentrations of 80+3 g/kg,
12043 g/kg, and 160+3 g/kg, respectively. After contamination, the soil samples
were left at room temperature (22+1 °C) for 2 days.

Fig. 2.1 The clean loamy-sandy soil

Before experiments of the solid waste (diesel fuel contaminated soil) conversion
with thermal plasma, the ultimate analysis (CHNS) and proximate analysis of the
clean and contaminated soil were performed and are shown in Table 2.2.
Measurements revealed that as the concentration of diesel fuel increased from 80+3
o/kg to 16013 g/kg, the concentration of carbon in the contaminated soil raised to
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54+1.32 %, 7.06+1.26 %, and 8.51+1.33 %, respectively, from the initial
concentration of 2.16+1.39 % of the clean soil. The same tendency was observed with
hydrogen concentration, which increased to 0.68+0.42 %, 0.92+0.43 %, and
1.1540.44 %, respectively, from the initial 0.264+0.43 % concentration of the clean
soil. While nitrogen and sulphur content in the soil remained unchanged or below the
limits of detection. Moreover, increased diesel fuel concentration in the soil increased
moisture content in the soil (1.7140.02-1.78+0.02 %), from the initial 0.454+0.02 %
concentration of the clean soil. Also, the content of ash in soil decreased with the
increase of diesel fuel concentration in the soil.

Table 2.2 Ultimate and proximate analysis of clean and contaminated loamy-sandy
soil

Ultlmqte Clean soil, wt % Diesel contaminated soil, wt %
analysis

80 g/kg? 120 g/kg 160 g/kg
Carbon (C) 2.16+1.39 5.40+1.32 7.06+1.26 8.51+1.33
(H|}|’)dr°9e” 0.2640.43 0684042 0.924043 1.15+0.44
Nitrogen (N) <0.01 <0.01 <0.01 <0.01
Sulphur (S) <0.01 <0.01 <0.01 <0.01
Oxygen (O)P 2.49 5.28 6.39 7.49
Proximate
analysis
Moisture 0.45+0.02 1.7540.02 1.76+0.02  1.7840.02
Ash 94.621+3.78 86.87+3.47 83.85+3.35 81.05+3.24

2 Diesel concentration in the soil, g/kg
b By difference

2.2. Experimental setup

The thermal plasma used for gasification and remediation processes were
generated using the DC plasma torch. The plasma torch consists of a copper cathode
junction containing a tungsten button-type emitter (used in the presence of noble gas
(An) or with hafnium emitter (used in the presence of oxygen-containing gas) and a
step-formed copper anode. A stair-shaped cylindrical anode is positioned along the
axis in one line with the cathode, and it is used to fix the mean arc length (Zhukov et
al., 1999). The electrodes of the plasma torch are separated by the neutral section and
the insulation rings. The rings have inlet holes for the tangential supply of a shielding
and plasma forming gas. The experimental setup also contains the sub-systems which
slightly differ depending on the type of the plasma forming gas as well as the nature
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of the use of the plasma technology (Fig. 2.2-2.3). In all cases, the plasma system is
operating under atmospheric pressure. And the plasma-chemical reactor used in
experimental researches is 1 m long and 0.40 m in diameter.

The crude glycerol gasification system is shown in Fig. 2.2. It is comprised of
an atmospheric pressure DC arc plasma torch (1), a power supply system (2), a gas
supply system (3), a plasma-chemical reactor (4), a crude glycerol supply system (5),
a condenser (6), and a gas chromatograph (7). A similar experimental system was
used in earlier research (Tamositnas et al., 2016).

Plasma (1)
torch_ _
: J}) &
o\ +
"

Rectifier
e @

Producer gas—“.l.[””
Condenser Silica gel
(6) l

Lg'—

Producer gas analysis

Preheating

(5)

I

Char & condensate (7)

Fig. 2.2 Plasma-chemical crude glycerol gasification system

The plasma torch and the nozzles for crude glycerol supply are installed in the
upper part of the reactor so that the glycerol flow is directed at an angle of 45+0.10
degrees to the plasma stream. In the middle of the reactor, an exhaust chamber for the
producer gas is installed. At the bottom of the reactor, there is a section for the removal
of condensate and char.

The crude glycerol was fed through the spray nozzles to the plasma-chemical
reactor at the rate of 5.64 +0.20 g/s. The pressure in the spraying line was controlled
by N gas from a cylinder and retained at 10+0.1 bars (optimal operation pressure).
In order to increase the fluidity, spraying stability, and atomisation of the crude
glycerol, it was preheated to 70+0.5 °C before the injection into the plasma-chemical
reactor.
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The atmospheric pressure DC arc plasma torch was used to produce active
radicals and species from the air as well as to generate high-temperature plasma
stream. Usually, the power of the plasma torch depends on the current intensity,
voltage, and the flow rate of the plasma forming gas. Thus, during the experiments,
the power of the plasma torch ranged from 45.6 kW to 56 kW (current 160 A, voltage
285-350 V, airflow rate 2.70-4.90 g/s). The mean temperature of the plasma stream
entering the reactor was 4400 +130 K.

When the water vapour was used as a plasma forming gas, the gasification
system was supplemented with a steam generator and a superheater. Moreover, during
the experiments, the power of the plasma torch ranged from 56.00 kW to 62.40 kw
(current 160 A, voltage 350-390 V, water vapour flow rate 2.90-5.15 g/s). The mean
temperature of the plasma stream entering the reactor was 28001150 K.

Hence, the effects of the gasifying agent (air plasma and water vapour plasma)
and the plasma torch power on the conversion of crude glycerol to synthesis gas were
investigated. The experimental parameters of the crude glycerol conversion process
are summarised in Table. 2.3:

Table 2.3 The experimental parameters of the crude glycerol conversion to synthesis
gas

Crude glycerol conversion using:

Parameter Airplasma  Water vapor plasma
Arc current, A 160 160
Arc voltage, V 300-350 350-390
Power, kW 45.6-56 56-62.4
Glycerol flow rate, g/s 5.64 +0.20 5.64 £0.20
Gasifying agent flow rate, g/s 2.70-4.90 2.90-5.15
Plasma torch thermal efficiency (), % 60-74 69-76
Mean Tpiasma, K 4400+130 2800+150
Crude glycerol lower heating value, wt % 14.36+0.03 14.36+0.03

A scheme of the plasma-chemical soil remediation system is shown in Fig. 2.3.
It consists of an atmospheric pressure DC arc plasma torch (1), a plasma-chemical
reactor (2), a steam generator (3), a superheater (4), an air supply system (5), a power
supply system (6), a condenser (7), and a gas analyser (8).

The soil remediation system is slightly modified, compared with the crude
glycerol gasification system. The screw feeder of the soil is fitted in the upper part of
the reactor so that the soil could flow the reactor straight to the bottom of it. The
plasma torch also is installed at the top of the reactor, but this time it is directed at an
angle of 45+0.10 degrees to the soil flow. Such construction ensures conditions for
the interaction of active species with the contaminants in the soil.
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Fig. 2.3 Plasma-chemical soil remediation system

The treatment of the polluted soil with water vapour or air plasma was
performed under atmospheric pressure for 24+1.60 minutes. The soil was supplied to
the plasma-chemical reactor through the solid materials feeder at a feed rate of
1.5040.01 g/s. The power of the plasma torch was 56 kW, at the water vapour flow
rate of 3.80 g/s, current of 160 A and voltage of 350 V. The mean temperature of the
plasma stream entering the reactor was 2880+60 K. When the air was used as a
plasma forming gas, the power of the plasma torch and air flow rate were equal to
52.80 kW and 4.90 g/s, respectively at a current of 160 A and voltage of 340 V. The
operating temperature of the air plasma system was 4100+ 113 K.

Accordingly, the experimental parameters of the diesel fuel conversion from the
soil are summarised in Table. 2.4:
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Table 2.4 The experimental parameters of the diesel fuel contaminated soil
remediation with thermal plasma

Remediation of diesel fuel polluted soil with:

Parameter Air plasma Water vapor plasma
Arc current, A 160 160
Arc voltage, V 330 350
Power, kW 52.8 56
Soil feed rate, g/s 1.50+0.01 1.50+0.01
Diesel fuel content in the soil, g/kg 80+3, 120+£3, 160 +£3  80+3, 120£3, 160 +£3
Gasifying agent flow rate, g/s 4.90 3.80
Plasma torch thermal efficiency (n), % 71-75 74-77
Mean Tplasma, K 4100+113 2880+60

2.3. Determination of electrical and thermal characteristics of the plasma
torch

The voltage-current characteristics (VCC) are one of the fundamental
characteristics of the plasma torch, which allows to determine whether the operation
of the system is stable (the curve of VCC rises or remains constant), or unstable (the
curve of VCC drops). The use of a ballast rheostat in the electrical circuit helps to
prevent the dropping VCC curves. However, it reduces the overall electrical efficiency
of the plasma system but minimises the pulsations of the arc voltage determined by a
large-scale shunting. Therefore, these disadvantages can be eliminated by using a
cylindrical anode with a sudden expansion (a stair-shaped) of the channel. This type
of anode leads to the prevention and minimisation of a large-scale shunting of the
electric arc (Zhukov et al., 2007).

Analysis of electrical and thermal plasma characteristics using homogeneous
physical equations is complicated. Therefore, in order to generalise the plasma torch
characteristics, a theory of similarity is often applied. This theory provides a
reasonable way to construct the relationship between the experimental data and
mathematical formula. Consequently, the experimental workload could be reduced
and the corresponding plasma characteristics can be predicted (Ma et al., 2015). The
fundamental principles of the generalisation of the electrical and thermal
characteristics of the plasma torch, which is a base of this work, were described in
detail by Zhukov et al. (Zhukov et al., 2007). As they present, the theory of similarity
is based on similarity criteria derived from homogeneous physical equations after
making the latter dimensionless. However, when plasma torch works in the same
medium (e.g. air, steam/water vapour), the analysis of plasma characteristics becomes
more efficient by replacing the dimensionless similarity criteria into the dimensional
complexes. Thereby, the criterion coefficients which reflect the physical properties
are considered to be constant and are transferred from the dimensionless similarity
criteria. Therefore, the dimensional complexes consist of the regime (G — the total gas
flow rate (g/s), | — the arc current (A), p — the pressure in the arc chamber (Pa)) and
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construction (d — the anode diameter (m), | — the length of the anode (m)) parameters
(Zhukov et al., 2007).

Hereinafter-provided criteria (Eq. 2.1-2.4) were used to derive dimensional
complex (Eg. 2.5) devoted to generalising the electrical characteristics of the plasma
torch.

I
_ . 2.1
Kl GohoGod’ ( )
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K, = 28, (2.2)
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K, = —20_. (2.3)
3 PoUod' '
Uod
K, = 60_0; (2.4)
Ip
ud 12\" /G\™ 1\ "
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I A<Gd> (d) (pd) (d) ’ (@3)

where, o — the electric conductivity (S/m), h — the enthalpy (kJ/kg), a — 8kT/md?,
p — density (kg/m3), v — kinematic viscosity of the fluid (m?/s), U — the arc voltage
(V), A —the coefficient, and m, n, k, r — the exponents are constant values depending
on the plasma torch construction and operating regime (Grigaitiené et al., 2011).

Additionally, in order to establish the coefficients and exponents of similarity
complexes, the logarithmic equations should be used. The below-provided
logarithmic equation (Eq. 2.6) illustrates the determination of the coefficient of the
energy criterion. Moreover, the exponent m is determined by the graphical method

(Zhukov et al., 2007).
ud z\™
- = I 2.6
lg—7=4 (G d> (2.6)

In fact, the generalisation of the thermal characteristics of the plasma torch is
similar to the generalisation of the electrical characteristics (Grigaitiené et al., 2011):

2\"™ /G\" N
= _p_ hl k(= 2.7
n=5 (Gd) (d) (pd) (d) @7)
where 7] — the integral coefficient of heat transfer, B — the coefficient established
from the dependence of efficiency from the arc current.

In this dissertation, four experimental conditions were investigated using gases
or the mixtures of the gases, including water vapour, air, air/water vapour and
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Ar/water vapour for the plasma formation and cathode protection. The working
potential of each type of plasma was established at variable ranges of the current and
voltage used. The main operational characteristics of the plasma torch are given in
Table 2.5:

Table 2.5 The experimental parameters of the plasma torch

Water vapour Air Air/water Ar/water
vapour vapour
Arc current (A) 180-200 160-220 160-220 160-220
Arc voltage (V) 250-325 294410 243-343 220-268
Arc power (KW) 4564 4790 46-71 40-58
Total gas flow rate, G1+G2 (g/s) 3.30-4.65 4,00-12.00 | 3.40-5.65 4.30-5.65
Plasma torch efficiency, n (%) 6871 76-85 60-75 59-70

2.4. Determination of the plasma torch thermal mode

In addition to the determination of the thermal and electrical characteristics of
the plasma torch, it is also essential to determine the thermal mode of the plasma torch.
The colorimetric method is a primary experimental method used to determine thermal
losses in the plasma torch. Importantly, the radiation, convection, and conduction can
be ignored by applying this method. Hence, it is sufficient to measure the current and
voltage of the plasma torch, the gas flow rate, the cooling water flow rate, and its
temperature changes.

Accordingly, the power of the plasma torch is calculated by Eq. (2.8):

P=1-U (2.8)
where P is the power of the plasma torch (W).
Part of the generated power is lost with the cooling water of the plasma torch
walls, Eq. (2.9):
Qw = GyAtycy (2.9)

where Q,, is a heat flow to the cooling water (kW), G,, is a flow rate of the
cooling water (kg/s), At,, is a change in the cooling water temperature (°C), ¢, is the
specific heat of the cooling water (kJ/(kg-K)).

Consequently, the power supplied to the heated gas stream is calculated by Eqg.
(2.10):
Qr=P—-0Qu (2.10)

where Q¢ is a power of the thermal plasma flow (kW), @,, is a heat flow to the
cooling water (kW).

Thus, the thermal efficiency of the plasma torch (n) determines the efficiency
of the equipment, Eq.(2.11):
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_ O
n= (2.11)

The integral coefficient of the heat transfer (1]) determines the ratio of the heat
losses in the plasma torch to the heat content of the plasma jet (Zhukov et al., 2007)
Eq.(2.12):

1-7
fi=——o (2.12)
n

where n is the thermal efficiency of the plasma torch.

The calculation of the mean plasma temperature was performed according to
the heat balance equation (Eq. 2.13), corresponding to plasma enthalpy Hy = f(Ty)

Ppr
Hp = ——+ H (2.13)

where H; is plasma enthalpy (kJ/kg), Qpr is an energy content in the plasma
torch (kW) G is a plasma forming gas flow rate (kg/s), H]9 is enthalpy under standard
conditions (kJ/kg)

2.5. Evaluation of the crude glycerol gasification system

In pursuance of assessing of the crude glycerol gasification system, it was
quantified in terms of the H»/CO ratio, the lower heating value, the carbon conversion
efficiency, the cold gas efficiency, the energy conversion efficiency, and the specific
energy requirement (Petitpas et al., 2007; Tamosianas et al., 2014).

The synthesis gas yield:

Ysynthesis gas = M x 100% (2.14)
mfeedstock
Where Ysynthesis gas 1S @ yield of the synthesis gas (%), Mgsyntnesis gas 1S @ Mass
flow rate of generated synthesis gas (Kg/s), Mgeeastock 1S @ mass flow rate of the crude
glycerol (kg/s).
Lower heating value:

LHV = 10.78 Hy(%) + 12.63 CO (%) + 35.88 CH,(%) +
56.5 C,H, (%) + 64.5 C;Hg(%) + 93.21 C3Hg (%)

where LHV is a lower heating value (kJ/Nm?®), H,, CO, CH,, C,H,, C,Hg,
CsHg are the content of the gaseous products in the producer gas (vol. %).

(2.15)

Carbon conversion efficiency:
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[Xco + Xco, + Xcu, + Xcym,lour

CCE (%) = ~
M,IN

X 100% (2.16)

where CCE (%) is carbon conversion degree (%), Xco,co,,cH,,c,H,0uT IS @ Mass
flow rate of the carbon in the gas produced (kg/s), X, ;v is a mass flow rate of injected

feedstock (crude glycerol) (kg/s).
Energy conversion efficiency:

_ (HZ + Co)synthesis gas X LHVsynthesis gas

ECE
Pprasma + Xmv X LHVy 1y

x 100% (2.17)

where ECE is the energy conversion efficiency (%), (H; + CO)synthesis gas 1S @
mass flow rate of synthesis gas (kg/s), LHVsynthesis gas 1S @ lower heating value of
synthesis gas (MJ/nm?3), Pplasma 1S @ plasma torch power (W), Xy ;y is a mass flow
rate of injected feedstock (kg/s), LHV),;y is a lower heating value of injected

feedstock (MJ/kg).
Specific energy requirement:

_ Pplasma
(HZ + CO)synthesis gas

where SER is a specific energy requirement (kJ/mol), Ppjasma is @ plasma torch
power (kJ), (H, + CO)synthesis gas 1S @ molar flow rate of synthesis gas (mol/s).

SER (2.18)

2.6. Evaluation of thermal arc plasma energy and mass balances

The determination of the energy efficiency of the thermal plasma gasification
system was performed by evaluating mass and energy balance in separate nodes of
the technological system (plasma torch, plasma-chemical reactor and estimation of
possible ways to use producer gas). All mass and energy balance calculations were

performed under these constant conditions: the ambient temperature of 20 °C and the
pressure of 101.325 kPa.

1. Plasma torch:

The energy and mass balance in the plasma torch (Fig. 2.4) was evaluated
according to the equations (2.19-2.24).

Qpr = (Qwv + Qair + Qgiyc + PPT) —(Qew + Qaw) (2.19)

where Qpr, Quur Qair, leyc, Q. and Qg is an energy content in the plasma

torch, water vapour, glycerol, cooling water of the cathode and cooling water of the
anode, respectively (kWh), Ppr is a power of the plasma torch (kwh).
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(2.20)

Quy = Gyy X prv X (va B TO) + (Gwv X hwv)
wv 3600 3600

where Q,,,, IS an energy content in the water vapour (kWh), G,,,, is a water
vapour flow (kg/h), G, is the specific heat of water vapour (kJ/(kg-K)), T, is a
temperature of water vapour (°C), T, is an ambient temperature (°C), h,,,, iS an
enthalpy of water vapour (kJ/kg).

Cathode Anode

Pet Qq yc
L |
Plasma torch
Quair Pet
/ /
QWV QW'{
Q W Qi.’.'-‘q’

Fig. 2.4 The energy and mass balance in the plasma torch

(2.21)

Q o GAir X CpAir X (TAir - TO) + (GAir X hAir)
ar 3600 3600
where Q 4;,- is an energy content in the air (kWh), G ;- is an airflow (kg/h), C,, 4

is the specific heat of the air (kJ/(kg-K)), T,; is a temperature of air (°C), T, is an
ambient temperature (°C), hy;, is an enthalpy of air (kJ/kg).

Quiye = (Gglyc X Cp giye X (Tgiye = TO)) 4 <Gglyc X hglyC> (2.22)

3600 3600

where Qg is an energy content in the glycerol (kWh), G,y is a glycerol flow
(kg/h), Cp giyc is the specific heat of glycerol (kJ/(kg-K)), Ty is a temperature of
glycerol (°C), T is an ambient temperature (°C), hg;,,. is an enthalpy of glycerol
(kJ/kqg).
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(2.23)

Qo = Gew X pr X (Tcw - TO)
w 3600

where Q. IS an energy content in the cooling water of the cathode (kwWh), G,
is a cooling water flow of the cathode (kg/h), C,,, is the specific heat of water

(kJ/(kg*K)), T, is a temperature of cooling water in the outlet of a cathode (°C), T is
an ambient temperature (°C).

Quy = Gaw X pr X (Taw - TO)
aw 3600

(2.24)

where Qg,, iS an energy content in the cooling water of the anode (kWh), G,
is a cooling water flow of the anode (kg/h), C,,, is the specific heat of water

(kJ/(kg-K)), T, is a temperature of cooling water in the outlet of an anode (°C), T is
an ambient temperature (°C).

2. Plasma-chemical reactor:

The equations (2.25-2.28) led to estimate the energy and mass balance in the plasma-
chemical reactor (Fig. 2.5).

Fig. 2.5 The energy and mass balance in the plasma-chemical reactor

Q¢ = Qpr — Qpcurw — Qew — Qr (2.25)

where Qg is an energy content in the producer gas (kWh), Qpr is an energy
content in the plasma torch (kWh), Qpcur w 1S @n energy content in the cooling water
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of the plasma-chemical reactor (kwWh), Q ., is an energy content in a condensate of
water vapour (kWh), Q,. is an energy content lost in the plasma-chemical reactor due
to radiation (kWh).

—(GG xT)+( s )xLHV x 1000 2.26
Q= (3600 * e 3600 pg G (2.26)

where Qg is an energy content in the producer gas (kWh), G, is a producer gas
flow (kg/h), T; is a temperature of producer gas (°C), p; is a density of producer gas
calculated by the dry composition of the producer gas (kg/m?), LHV, is a lower
heating value of the producer gas (kJ/Nm?3).

Gpchrw X Cpw X (Tpcurw — To)
3600

QPCHR w

(2.27)

where Qpcrrw 1S @n energy content in the cooling water of the plasma-chemical
reactor (kWh), Gpcyrw 1S the cooling water flow in the plasma-chemical reactor
(kg/h), Cp ., is the specific heat of water (kJ/(kg:K)), Tpcugrw IS the temperature of
cooling water in the outlet of the plasma-chemical reactor (°C), T, is the ambient
temperature (°C).

(2.28)

_ (Gcwx Cow X TO)
Qew = 3600

where Q ., is an energy content in a condensate of water vapour (kWh), G, is
a flow of water vapour condensate (kg/h).

3. Estimation of possible ways to use producer gas:

Before the evaluation of scopes to use producer gas, it should be noted that
producer gas passing through the heat exchanger (gas cooler) loses some of its energy
(Fig. 2.6).

Fig. 2.6 The energy losses in the heat exchanger
57



The energy losses in the heat exchanger are calculated by equations (2.29-2.30):
Qe1 = Q6 — Qre (2.29)

where Qg iS an energy content in the producer gas after passing through the
heat exchanger (kWh), Q. is an energy content in the cooling water of the heat
exchanger (kWh).

(2.30)

(Ghe X Cp he X (The - T0)>
Qnre =

3600

where Q;,. is an energy content in the cooling water of the heat exchanger
(kWh), G, is the cooling water flow in the heat exchanger (kg/h), Ty, is the
temperature of cooling water in the heat exchanger (°C).

Ultimately, generated producer gas can be utilised for the generation of thermal
energy in the boiler, or electrical and thermal energy in the internal combustion engine
or microturbine (Fig. 2.7).
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Fig. 2.7 The alternative ways to use generated producer gas
The efficiency of these usage ways is evaluated by equations (2.31-2.33):

(Gfg x (Trg = T0)>

3600

Qfg = (2.31)

where Q4 is an energy content in the flue gas (kWh), Gy, is a fuel gas flow
(kg/h), T4 is a temperature of flue gas (°C), T is an ambient temperature (°C).
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Qhw >
= X 100% 2.32
Mheat (leyc + Qwv + PPT ( )
where npe4:¢ 1S @ thermal efficiency of the producer gas usage process (%), Qpnw
is an energy content accumulated in the hot water (KWh), Qg is an energy content
in the glycerol (kWh), Q,,,, is an energy content in the water vapour (kWh), Ppr is a
power of the plasma torch (kWh).

Polut
e
Nel = X 100%) (2.33)
el (leyc + Qwv + PPT

where 7, is an electrical efficiency of the producer gas usage process (%), P9
is an electrical energy content in the internal combustion engine or microturbine
gained from producer gas (KWh), Qg is an energy content in the glycerol (kWh),
Q.v IS an energy content in the water vapour (KWh).

Additionally, the electrical efficiency of the plasma gasification system was
evaluated by equation (2.34):

Pout
NeL = <;}n X 100%) (2.34)

el

where 7, is an electrical efficiency of the plasma gasification system (%), P} is a
total power input (kWh).

2.7. Estimation of uncertainties in measurements and calculations

Measurement is a process whereby the value of a quantity is estimated. All
experimental measurements are accompanied by errors. Measurement process errors
are the basic elements of uncertainty analysis. Measurement errors are categorised as
systematic or random. Systematic error is defined as the portion of the total
measurement error that remains constant in repeat measurements of a quantity.
Random error is defined as the portion of the total measurement error that varies in
the short-term when the measurement is repeated (NASA, 2010).

Systematic uncertainties can be evaluated by the calculation of reduced relative
error (Lith. redukuotoji santykiné paklaida) o;. The maximum measurable value
(xmax) that can be measured by a device is determined by the scale of the device or
the measuring range of the device. Measurement accuracy is defined by the relative
error ag;, which is also known as the instrument accuracy scale. o; is defined as a ratio
between the absolute error of the measured value (Ax;) and the x4, €xpressed in a
percentage (Tamositinas, 2014):

Xi

0, = x 100%. (2.32)

xmax
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The best method for reducing the effects of random errors on measurement is to
repeat the measurement and calculate the mean and the standard deviation from this
data. Suppose the measurements of N physical quantities, X;,X,,...,Xy. The fluctuations
responsible for the spread of readings are random, consequently, they are equally
likely to be higher as lower than the accepted value. The arithmetic mean is a way of
dividing any random errors among all the readings. Therefore, the adoption of the
mean X is the best estimate of the quantity x (Hughes et al., 2010):

N

_ 1 1
xzﬁ(x1+x2+-~-+xN)=Nin; (2.33)

i=1
where x is an arithmetic mean of all measurement values, N is a number of
measurements, x; is a result of the i*" measurement

In this case, the absolute error of the individual measurements is expressed as
(Tamositinas, 2014):

Axi =x— Xi; (234)
Ax; equally likely to be positive as negative.
Relative error g; (Lith. santykiné paklaida) is defined as a ratio between the
absolute error of the measured value (Ax;) and the measurement result (x):
Ax;

The standard deviation indicates the random uncertainty of any one of the
measurements used to calculate S, and is defined as (Pengra et al., 2009):

(2.36)

The mean value of the measurements has less random uncertainty than any one
of the individual measurements. Thus, the standard deviation of the mean value of the
set measurements S is expressed as:

N —
5o SR S (2.37)
LNN-1) VN

The relative standard deviation is defined as:
Sx
o) = = % 100%. (2.38)
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Additionally, the uncertainty (u(y, ) due to random error generally must be
computed by multiplying the standard deviation of a sample of measured values by
the Student’s t-statistic with a 95% confidence level (p = 95 %) (NASA, 2010):

Ux,gn) = LosN—15x O Ux,,.) = tosn—19%

(2.39)

Also, if the relative error is below, or equal to 5 %, the obtained results are
considered as sufficiently accurate and reliable. If relative error varies between 5-10
% results are of satisfactory accuracy. If relative error is greater than 10 %, the
obtained results are unreliable (Tamosiainas, 2014). Consequently, the errors of the
performed experiments are given in Table 2.6.

Table 2.6 Measured values and measurement errors

Limits for Device, absolute Relative
No. Setting value error, or calculation error + %
measurement .
equation
Current of the plasma Milivoltmeter
1. torch 160-220 A 02 mV 0.08-0.16
2. :(/)‘r’(':trf‘ge of the plasma 54 4104 Voltmeter 0.2V 0.05-0.08
3. Poweroftheplasmatorch ~ 43.2-62.4 kW Eq. 2.8 0.5-1
Diaphragm
4. Supplied gas flow rate 2.7-5.7gls +0.1-1073m; 1
critical flow nozzle
The temperature of water Thermocouple
5. vapour supplied to the 510 K P 0.3
Pt 100
plasma torch
6. | netemperatureofcrude 545 344k Thermometer +1°C 0.2
glycerol
7. Ambient air temperature 291-295 K Thermometer +1°C 0.7
Lengths and diameters of
the elements of the C1n-3 . C1n-3
8. plasma torch and plasma- 2-250-107°m Slider +£0.02 - 10 0.015-0.04
chemical reactor
Diaphragm
. . -3 .
9 Amou_nt of the cooling 0.07-016 kg/s _io.l 1073 m; 01
water in the system Diaphragm sensor
+0.1-1073 m;
10.  Heat flow 11.7-23.3 kW Eq. 2.9 1-4
17, Themean temperature of g4, 450 Eq. 2.13 Upto 6
the plasma stream
12 Elementa_ll composition Up to 100 % EDS 1.2
of the soil
13, :’(;tlermal analysis of the TGADTG 4
14, Analysis of produced gas Up to 100 % Gas chromatograph, 2

concentrations

gas analyser
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2.8. Equipment used for the analysis of treated materials and producer gas

Soil analysis was done before and after interaction with thermal plasmas. The
surface morphology of clean soil, diesel fuel contaminated soil and plasma remediated
soil was analysed by the scanning electron microscopy (SEM, Hitachi S-3400N). The
elemental composition of clean, contaminated, and plasma remediated soil was
investigated by the energy-dispersive X-ray spectroscopy (EDX, Bruker Quad 5040).
The elemental composition of the samples for each experimental case was measured
three or four times. Evaluation of the carbon, hydrogen, nitrogen, and sulphur (CHNS)
content in the soil was performed by a FLASH 2000 elemental analyser. The
measurements of carbon, hydrogen and nitrogen content in the clean and
contaminated soil were performed according to LST EN ISO 16948:2015 standard
requirements. Sulphur was measured according to BM-8B/3-B00:2012 methodical.
The oxygen content was determined by the difference. Thermal properties of the clean
and diesel fuel contaminated soil were investigated by thermogravimetric analysis
(thermogravimetric (TGA/DTG) and differential scanning calorimetry (DSC)) using
NETZSCH STA 449 F3 Jupiter analyser with a SiC furnace. The measurement of
producer gas concentrations, which were generated during the interaction between the
contaminated soil and thermal plasma stream was performed by the multi-component
gas analyser (MRU SWG 3007). Also, during the interaction between crude glycerol
and thermal plasma stream, produced gas was analysed by the multi-component gas
analyser and the gas chromatograph (Agilent 7890A) equipped with dual-channel
thermal conductivity detectors (TDCs) and a valve system. The concentrations of
producer gas for each experimental case were measured three times.
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3. RESULTS AND DISCUSSION

In order to ensure smoother material conversion and remediation process, it is
necessary to choose the optimal working conditions of the plasma torch. The electrical
and thermal characteristics of the plasma torch define and enable to evaluate optimal
working conditions of the plasma device. Thus, the determination of these
characteristics is crucial. Electrical and thermal characteristics, as well as the
performance of the plasma torch, depends on the working parameters used, including
current, voltage, plasma forming gas. Therefore, the influence of these parameters
should be firstly investigated.

3.1. Electrical characteristics of the plasma torch

Seeking to guarantee a stable work of the plasma torch, the curve of the voltage-
current characteristics (VCC) must rise or remain constant. In the present study, the
voltage-current characteristics observed as slightly decreasing, steady or rising
depending on the used arc current and the plasma forming gas.

Figure 3.1 illustrates the voltage-current characteristics of the four different
types of plasma (water vapour, air, air/water vapour and Ar/water vapour) determined
when the total gas flow rate was equal to 4.2+0.1 g/s.
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Fig. 3.1 The voltage-current characteristics (VCC) of the water vapour, air, air/water vapour
and Ar/water vapour plasma torches when total gas flow rate equal to 4.2+0.1 g/s

In the cases of Ar/water vapour and air/water vapour, the voltage-current
characteristics are slightly dropping in the range of current intensity of the electric arc
between 160 and 190 A. The main reason of the VCC decrease could be the shunting
(small and large scale) of the electric arc. At the same current intensity, the VCC of
air and water vapour are increasing, thus indicating a more stable work of the plasma
torch. In the range of 195-220 A, the VCC becomes constant in the cases of Ar/water
vapour, air/water vapour and air. In this respect, it can be stated that at higher current
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levels the electric arc becomes more stable. However, the VCC of the water vapour
plasma torch remains increasing even between 190-200 A of current intensity.
Moreover, the water vapour plasma torch did not work at the higher current intensity
(>200 A) as well as at the lower current intensity (<160 A) because of the geometrical
parameters of the plasma torch.

Furthermore, a noticeable difference in the measured voltage was observed
between the used gases and the mixtures of gases. The lowest voltage was recorded
using a mixture of Ar and water vapour, whereas the highest voltage was determined
using the air. This trend can be explained by the physical properties of the gas. Since
argon is a monoatomic noble gas, the voltage required to breakdown the gas and
induce the electric discharge is lower compared to air, or triatomic H,O vapour. As
the result, the presence of argon serving as a shielding gas to protect the cathode
exhibited the reduction of the electric field in the mixture of Ar/water vapour and thus,
the arc voltage decreased. Zhukov et al. (Zhukov et al., 2007) stated that if a relative
argon content in the mixture of gas exceeds 25 %, the arc voltage can be reduced by
1/3. In this experiment, a relative argon content ranged from 10 to 17 % depending on
the changing water vapour flow rate. Besides, using the water vapour and the mixture
of air/water vapour, a higher voltage was measured in the first substance. This
tendency can be explained by the fact that the voltage required to breakdown the gas
and induce the electric discharge is higher in the water vapour than in the mixture of
the air/water vapour. Thus, water vapour has a higher strength of the electrical field
compared to the mixture of the air/water vapour.

After the analysis of the primary experimental results, the VCC of the plasma
torch operating on different types of gases were generalised and are shown in Fig. 3.2.

4x107 5 . ——
i = \Water vapour
. ] ® Air 1
3x107 7 A A Air/water vapour 7
] e ¥ Ar/water vapour
X 3
] Te A ]
=, 2x10°] Sela 1
ko) ] L ]
§ A\§
3 N
-]
10'2 4 .
T
10° 10°

*/Gd,

Fig. 3.2 The generalised water vapour, air, air/water vapour and Ar/water vapour plasma
torch VCC

Figure 3.2 shows that the distribution of the VCC measuring points is quite
equivalent in the cases of Ar/water vapour, air/water vapour, as well as air and this,
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identifies a stable work of the plasma torch. However, the measuring points are
fractionally scattered in the case of water vapour. The water vapour condensates on
plasma torch inner walls, and compared with a mixture of the water vapour and gas,
causes higher erosion of the electrodes. Thus, fractionally scattered points distribution
could be explained by the influence of electrodes erosion, which initiates lightly
jerking, pulsating arc burning (the oscillations of the plasma jet) and slightly unstable
work of the plasma torch.

In order to ensure the maximum system efficiency, it is essential to obtain the
most stable work of the plasma torch. In this respect, air and the mixtures of air/water
vapour and Ar/water vapour showed the most stable operation of the torch.
Furthermore, it is evident that the values of the electrical characteristics of Ar/water
vapour are lower compared with the air, the water vapour and the mixture of air/water
vapour. This once again can be explained by the influence of the strength of the
electric field in the arc column, which depends on the type of gas and its physical
properties. More precisely, the strength of the electric field for argon, air and water
vapour are 5-8 V/cm, 10-15 V/cm and 20-27 V/cm, respectively (Zhukov et al.,
2007). It is obvious that the strength of the electric field required to cause the voltage
breakdown in the mixture of Ar/water vapour is lower compared with the rest mixtures
of gases used. Since argon affected the reduction of the voltage in the mixture of
Ar/water vapour, the operation of the plasma torch was the most stable. Air and
mixture of air/water vapour also ensured the stable work of the plasma torch. The
slightly unstable operation of the plasma torch was observed in the case of water
vapour due to the lightly higher erosion of the electrodes.

The general equations of the electrical characteristics were determined by the
theory of similarity (applying Eq. 2.5) and the obtained coefficient A, as well as the
exponents m, n, is provided in Table 3.1

Table 3.1 Coefficient and exponents of the general equations of the plasma
torch electrical characteristics

Plasma forming gas A m n

Water vapour 3.5x10% | —0.49 | —0.24
Air 2.15x10% | —0.46 | —0.21
Air/water vapour 2.8x10%® | —0.59 | —0.09
Ar/water vapour 0.65 x 10 | —0.53 | —0.15

3.2.  Thermal characteristics of the plasma torch

The generalised thermal characteristics of the plasma torch operating on
Ar/water vapour, air/water vapour, air and water vapour, respectively are shown in
Figure 3.3. It is evident that the distribution of the measuring points is equivalent, and
there are no significant outliers in all cases except air.
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Fig. 3.3 The generalised thermal characteristics of the water vapour, air, air/water vapour and
Ar/water vapour plasma torch

The general equations of the thermal efficiency of the plasma torch were
determined on the basis of the theory of similarity (applying Eq. 2.7) and the obtained
coefficient A, as well as the exponents m, n is given in Table 3.2.

Table 3.2 Coefficient and exponents of the general equations of the plasma
torch thermal characteristics

Plasma forming gas A m n

Water vapour 33x1072 | 0.11 | —0.23
Air 6.5x 1073 0.16 | —0.54
Air/water vapour 23%x107% | 043 | —1.36
Ar/water vapour 13x107% | 012 | —1.44

Obtained results (Table 3.2) shows that the generalised thermal characteristics

of the plasma torch depend on the Reynolds number (dﬁ)n and the energy criterion
2

2 \m
(GIT) in all cases. It must be noted that Reynolds humber (Re) describes the nature
2

of the fluid flow (laminar, transitional, or turbulent) which determines the type of the
dominant heat losses (convective, radiant, and conductive) in the discharge chamber
of the plasma torch. Laminar fluid flow is observed when the Reynolds number varies
from 0.2 to 0.5. The fluid flow passes from laminar to turbulent when Re number
reaches 0.8. Furthermore, the energy criterion determines the intensity of the energy
exchange between the column of the electric arc and the heated gas. Also, it shows
the extent by which the power of heat generation of the arc is higher than the thermal
power of the jet, i.e. characterises the efficiency of the plasma torch as a thermal
system (Zhukov et al., 2007).

Additionally, the thermal characteristics can also be described by the thermal
efficiency (1)), which depends on the heat exchange between the electric arc, heated
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gas and walls of the discharge chamber. Figure 3.4 shows that the thermal efficiency
decreased with the increase of the arc current due to the increased heat losses to the
cooled walls of the discharge chamber of the plasma torch. The increased current
caused the formation of an electric arc with a bigger diameter (Tamosiainas et al.,
2011). Thus, the space between electric arc and walls of the discharge chamber,
through which plasma forming gas circulates, reduced. It means that the thickness of
the boundary layer formed by the plasma forming gas decreased and this influenced
the increase of the heat losses to the walls of the discharge chamber.
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Fig. 3.4 Changes in plasma torch thermal efficiency, when the total gas flow rate is 4.24+0.1
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Moreover, the obtained results revealed that the highest thermal efficiency of
the plasma torch slightly differs in the cases of Ar/ water vapour (1 = 0.6410.02),
air/water vapour (n = 0.6840.03) and water vapour (n = 0.7140.01) at the total gas
flow rate of working gas of 4.2+0.1 g/s. However, in comparison with air/water
vapour and Ar/water vapour, the water vapour required a higher current (1=180A
instead of 1I=160A). This phenomenon was observed due to the fact that in the case of
water vapour, the plasma torch did not work at the lower current (I=160A) because of
the geometrical parameters of the plasma torch.

Additionally, comparing the thermal efficiency of air and water vapour, the
higher thermal efficiency of the plasma torch was achieved using air plasma (n =
0.78+0.02). Such a tendency was observed due to the features of used gases. Firstly,
the air has a lower enthalpy in comparison with water vapour. It means that energy
consumption needed to generate air plasma is lower than in the case of the water
vapour plasma. Secondly, air mainly contains nitrogen, oxygen, and argon in its
composition, while water vapour consists of hydrogen and oxygen. Atomic hydrogen
has higher thermal conductivity than atomic nitrogen or oxygen (Rutberg et al., 2013a,
2013b). It signifies that the heat exchange between electric arc, boundary gas layer,
and walls of the discharge chamber is more intense in the case of water vapour. Thus,
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this results in lower thermal efficiency (n = 0.7140.01) compared to air plasma (n =
0.78+0.02).

Summarily, the evaluation of the plasma torch electrical and thermal
characteristics in the case of using four different types of plasma forming gas (water
vapour, air, air/water vapour, and Ar/water vapour) led to determine that air and
mixture of air/water vapour ensure the most stable work of the plasma torch. Also, the
highest thermal efficiency of the plasma torch was obtained in the cases of air/water
vapour plasma (n = 0.6840.03) and air plasma (n = 0.7840.02). Consequently,
air/water vapour plasma and air plasma is chosen for further experimental research —
waste conversion (crude glycerol and diesel fuel contaminated soil) utilising thermal
plasma. For simplicity, the term air/water vapour plasma in the following sections will
be specified as water vapour plasma.

3.3. Gasification of crude glycerol into synthesis gas by thermal air plasma
and thermal water vapour plasma

The experimental studies on waste conversion began with the gasification of
liquid waste (crude glycerol) using thermal plasma. The effects of the gasifying agent
(air plasma and water vapour plasma) flow rate and the plasma torch power on the
conversion of crude glycerol to synthesis gas are discussed below. Also, quantification
of the gasification system in terms of the producer gas composition, the lower heating
value (LHV), the carbon conversion efficiency (CCE), energy conversion efficiency
(ECE), and specific energy requirement (SER) are given below.

The concentrations of produced gases obtained after the gasification of crude
glycerol by thermal air plasma and thermal water vapour plasma are presented in Fig.
3.5.
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Fig. 3.5 Effect of the gasifying agent/Cs;HgOg3 ratio on the produced gas composition

As the Air/CsHgOs ratio increased from 0.48 to 0.88, the concentrations of
produced gases remained basically stable. Synthesis gas accounted for 56.00+0.30

68



vol% (29.001-0.30 vol% of H, and 27.0040.30 vol% of CO) in the obtained producer
gas. The concentrations of CO, and CH,were equal to 6.00+0.30 vol% and 2.004-0.20
vol%, respectively. The remaining gas was nitrogen (33.00+0.60 vol%).

As the water vapour/CsHsOs; ratio increased from 0.52 to 0.92, the
concentrations of H, and CO gases remained, in essence, stable, synthesis gas
accounted to 76.00 +1.36 vol% (51.16+1.26 vol% of H, and 24.74+1.46 vol% of
CO) in the obtained producer gas. The concentration of the CO- increased from
9.00+2.10 vol% to 13.50+2.40 vol%, when the water vapour/C3;HsOs ratio increased
from 0.52 to 0.92. Such a tendency was observed due to the predominant steam
reforming reaction (Eg. 1.15). Also, the water-gas shift (Eg. 1.16) and hydrogenolysis
(Eq. 1.17) reactions influenced the increase of CO, concentration. The concentration
of CH. remained basically stable (3.30% 0.20 vol%).

Moreover, the effect of the gasifying agent/CsHgOs ratio on the H2/CO ratio
was assessed (Fig. 3.6). As the Air/CsHgOs3 ratio increased from 0.48 to 0.88, the
H2/CO ratio slightly changed from 1.02 to 1.07. The change in the Air/CsHsO3 ratio
caused a negligible change in the H2/CO ratio. This was mostly attributed to stable
concentrations of produced gases of H, and CO.

2.6

=— \Water vapour plasma
—e— Air plasma )

2.4
2.2 |
2.0 - |

1.8+ - ]
1.6 .

oy

H./CO ratio

1.4 i
1.2 ]
1.0

0.8 T T T T
0.4 0.5 06 0.7 0.8 0.9 1.0

Gasifying agent/C_H,O, ratio

Fig. 3.6 Effect of the gasifying agent/CsHgO3 ratio on the change of H»/CO ratio

Also, the effect of the water vapour/CsHsOs3 ratio on the H»/CO ratio was
evaluated. As the water vapor/CsHsO; ratio increased from 0.52 to 0.92, the H./CO
ratio changed from 1.76 to 2.07. The change in the water vapour/CsHsOs ratio caused
a slight change in the H,/CO ratio. This was mostly attributed to the generation of the
slightly higher content of H, and slightly lower content of CO. Such tendency was
observed due to the predominance of the steam reforming reaction (Eg. 1.15) and
crude glycerol cracking (Eq. 1.9) reactions. Also, the obtained higher H»/CO ratio
(2.07) indicates that generated synthesis gas is appropriate for the direct biodiesel
production via Fisher-Tropsch synthesis since the required H,/CO ratio have to be 2:1
(Lin, 2013).
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The composition of producer gas and H»/CO ratio after crude glycerol
gasification process with air plasma (at the Air/C3HsOs ratio 0.88) and water vapour
plasma (at the H,O/C3HsO5 ratio 0.92) is present in Fig 3.7.
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Fig. 3.7 Producer gas composition and the H2/CO ratio after crude glycerol gasification
(Air/C3HgOs ratio 0.88, Water vapour/C3HgOs ratio 0.92)

The generated producer gas mainly consisted of H, and CO (56.0040.30 vol%
and 76.00+1.36 vol% in the cases of air plasma and water vapour plasma,
respectively). Also, a small content of CO, and CH,was obtained. Moreover, a higher
amount of N, (33.00+£0.60 vol%) was recorded, when the gasification of crude
glycerol was carried out using air plasma. Nitrogen is a main compound in the air
composition. Therefore, nitrogen composed a significant proportion of the produced
synthesis gas. Also, a smaller amount of nitrogen (5.504+0.90 vol%) was recorded in
the case of crude glycerol gasification with water vapour plasma. This was attributed
to the usage of air (10-17 %) as a shielding gas protecting cathode of the plasma torch
from the erosion.

Furthermore, the higher amount and higher quality synthesis gas were recorded
performing crude glycerol gasification with water vapour plasma. Also, the higher
H»/CO ratio was obtained in the case of water vapour plasma. Once again, such a
tendency was observed due to the dominance of the steam reforming (Eq. 1.15) and
crude glycerol cracking (Eg. 1.9) reactions. Moreover, a higher amount of CO, was
recorded using water vapor plasma. Such results were obtained due to the prevailing
water-gas shift (Eq. 1.16), steam reforming (Eg. 1.15) and hydrogenolysis (Eq.1.17)
reactions. Additionally, a lower formation of CO. during the gasification of crude
glycerol in the environment of air plasma suggests insight into the predominance of
partial oxidation reactions (Eq. 1.10-1.11) instead of complete oxidation reaction (Eq.
1.12) via the gasification process.

Moreover, the effect of the gasifying agent/Cs;HsOs ratio on the lower heating
value of the produced synthesis gas was evaluated (Fig. 3.8). As the Air/CsHgOs ratio
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increased from 0.48 to 0.88, the LHV of the synthesis gas slightly increased from 7.32
MJ/nm3 to 7.74 MJ/nm?3. Thus, the variation of the Air/CsHsO; ratio caused slight
changes in the LHV of the syngas due to the same effect as described for the H./CO
ratio. Moreover, the dominance of crude glycerol cracking (Eq. 1.9) and partial
oxidation reaction (Eq. 1.10) let to the formation of the stable concentrations of H.
and CO. Methanation (Eg. 1.13) and oxidation reactions (Eq. 1.11-1.12) led to a slight
increase of CH4 and CO, concentrations as the Air/CsHsOs ratio increased. Thus, these
reactions also had an effect on the slight increase in the lower heating value of
produced syngas. Usually, synthesis gas generated using air as a gasifying agent is
referred as a low calorific value gas. Its LHV ranges from 4.00 to 7.00 MJ/nm? (Basu,
2010; McKendry, 2002). Hereby, the synthesis gas with a lower calorific value of 7.74
MJ/nm?® was generated during the gasification of crude glycerol by thermal air plasma.
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Fig. 3.8 Effect of the gasifying agent/CsHgOs ratio on the lower heating value

Also, the effect of the water vapour/CsHsOs ratio on the lower heating value of
the generated synthesis gas was evaluated. As the water vapour/CsHsOs ratio
increased from 0.52 to 0.92, the LHV of the synthesis gas remained about 9.82
MJ/Nm?3. Thus the negligible change in the LHV of synthesis gas was caused due to
the steady concentrations of H, and CO gases generated via predominance crude
glycerol cracking (Eg. 1.9) and steam reforming (Eq. 1.15) reactions. Furthermore,
methanation (Eq. 1.13-1.14), water-gas shift (Eqg. 1.16), hydrogenolysis (Eq. 1.17) as
well as steam reforming (Eq. 1.15) reactions let to a formation of CH, and CO-. Hence,
these reactions also affected the lower heating value of the generated synthesis gas.
Additionally, the lower heating value of produced synthesis gas obtained after the
crude glycerol gasification with air plasma was lower (7.74 MJ/Nm?®) compared to the
water vapour plasma. Such a trend was obtained because air consists of a high amount
of nitrogen, which is also present in the generated producer gas.

The effect of the gasifying agent/CsHsO; ratio on the carbon conversion
efficiency is shown in Fig. 3.9. As the Air/CsHgOs ratio increased from 0.48 to 0.88,
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the carbon conversion efficiency increased from 51.30 % to 75.19 %. The obtained
trend demonstrates that the increased airflow rate, at the glycerol flow rate being stable
at 5.64+0.2 g/s, caused an increase in the flow rate of produced syngas. As a result,
this directly affected the increase of carbon conversion efficiency. Furthermore, the
increase in the airflow rate, at the other parameters, such as the arc current, being
constant at 160 A, led to the higher power of the plasma torch, which increased from
45.60 kW to 56.00 kW. This was mostly attributed to a significant increase in voltage
from 285 V to 350 V, which was directly affected by the increased airflow rate.
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Fig. 3.9 Effect of the gasifying agent/CsHsOj3 ratio on the carbon conversion efficiency

The obtained results are in a good agreement with Yoon et al. (Yoon et al.,
2010, 2013) and Zhang et al. (Zhang et al., 2017b) experimental investigations. Yoon
et al. (Yoon et al., 2010) indicated that increased air ratio enlarged oxidation reaction
and gasification process. Thus, carbon conversion efficiency increased from
approximately 56 % to 78 %. Zhang et al. (Zhang et al., 2017b) found that the carbon
conversion increased from around 35 % to 95 % with an increase in input power from
7 kW to 15 kW. The conversion of almost 100 % was gained at the input power of
17.1 kW. Yoon et al. (Yoon et al., 2013) determined that growing microwave power
from 1 kW to 1.8 kW raised the H, and CO content in the synthesis gas from
approximately 25 % and 31% to 38 % and 35 %, respectively. Also, increased power
caused an increase in the carbon conversion efficiency from around 78 % to almost
100 %.

Additionally, the increase of the water vapour/CsHgOs ratio from 0.52 to 0.92
caused the rise in the carbon conversion efficiency from 50 % to 100 %. The obtained
tendency shows that the increased water vapour rate, the arc current being constant
(160A), induced the increase of the arc voltage from 350 V to 390 V. Consequently,
the power of the plasma torch was raised from 56.00 kW to 62.40 kW. Moreover, the
higher power of the plasma torch ensures the higher temperature and energy density,
which is useful for complete crude glycerol valorisation. Furthermore, the carbon
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conversion efficiency obtained in the case of crude glycerol gasification with air
plasma was equal to 75.19 %, while the water vapour plasma can provide complete
carbon conversion during the crude glycerol gasification process.

The effect of the gasifying agent/C3;HgOs ratio on the crude glycerol conversion
process performance in terms of the energy conversion efficiency is given in Fig. 3.10.
As the Air/CsHsOs ratio increased from 0.48 to 0.88, the energy conversion efficiency
increased from 13.12 % to 17.35 %. The optimum crude glycerol gasification to
synthesis gas process effectiveness was obtained at the ECE of 17.35 % when the flow
rate of air and the plasma torch power were the highest at 4.90 g/s and 56.00 kW,
respectively. Since the change in the airflow rate directly affects the increase/decrease
of the voltage of the arc, the arc current intensity being constant, this however directly
influences the energy conversion efficiency. Therefore, the increased power of the
plasma torch from 45.60 kW to 56.00 kW should decrease the efficiency of the
gasification process according to Eq. 1.11. However, in this particular case, the ECE
increased as the power of the plasma torch also increased due to the fact that more
syngas was produced.
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Fig. 3.10 Effect of the gasifying agent/CsHsOs ratio on the energy conversion efficiency

Additionally, as the water vapour/C3sHgOs ratio increased from 0.52 to 0.92, the
energy conversion efficiency increased from 20.91 % to 33.73 %. The highest crude
glycerol gasification to synthesis gas process effectiveness was received at the ECE
of 33.73 %, when the flow rate of water vapour and the power of the plasma torch
were at the highest values of 5.15 g/s and 62.40 kW, respectively. As in the case with
air plasma, the change in the water vapour flow rate affects the change of the power
of the plasma torch. Hence, the power of the plasma torch increased from 56.00 kW
t0 62.40 kW and this caused the raise of the energy conversion efficiency. The gained
experimental results demonstrated that crude glycerol gasification with water vapour
plasma is more efficient compared to air plasma gasification, where the highest ECE
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was equal to 17.35 %. Water vapour, as a gasifying agent, led to generate a higher
amount of synthesis gas, and this ensured better energy conversion efficiency.

The effect of the gasifying agent/C3HsOs ratio on the crude glycerol conversion
process performance in terms of the specific energy requirements is given in Fig. 3.11.
As the Air/C3HgOs ratio increased from 0.48 to 0.88, the SER decreased from 310.50
kJ/mol to 266.50 kJ/mol (or from 2.88 kWh/kg to 2.47 kWh/kg). The best crude
glycerol gasification to synthesis gas process efficiency was achieved at the SER of
266.50 kJ/mol when the flow rate of air and the plasma torch power were at 4.90 g/s
and 56.00 kW, respectively. Regardless of the highest power of the plasma torch at
the Air/CsHsOs ratio of 0.88, the SER was the lowest. This can be explained due to a
higher amount of syngas produced according to Eq. 1.11.
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Fig. 3.11 Effect of the gasifying agent/CsHsO; ratio on the specific energy requirements

Further, as the water vapour/CsHgOs ratio increased from 0.52 to 0.92, the SER
decreased from 327.88 kJ/mol to 191.60 kJ/mol (or from 3.04 kWh/kg to 1.78
kWh/kg). The greatest crude glycerol gasification to synthesis gas process was
obtained at the SER of 191.60 kJ/mol, when the flow rate of water vapour and the
power of the plasma torch was equal to 5.15 g/s and 62.40 kW, respectively. Despite
the highest power of the plasma torch at the water vapour/CsHgOs ratio of 0.92, the
SER was the lowest. Such a trend was observed due to the predominance of the steam
reforming (Eqg. 1.15), glycerol decomposition (Eq. 1.9) and water gas shift (Eq. 1.16)
reactions which induced the generation of the higher amount of synthesis gas.
Moreover, at the highest air/CsHgOg3 ratio (0.88), the SER was equal to 266.50 kJ/mol
(or 2.47 kWh/kg). Thus, the specific energy requirement was lower in the case when
the water vapour was used as a plasma forming gas and a gasifying agent.
Accordingly, the usage of water vapour plasma for crude glycerol gasification ensures
the generation of the higher amount of synthesis gas with the lower energy
requirement compared to oxidation process which appears during the usage of the air
plasma.
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The summary of the experimental results gained during the gasification of crude
glycerol with the thermal plasma is given in Table 3.3. Obtained results revealed that
crude glycerol conversion efficiency using thermal water vapour plasma is higher via
all evaluated parameters in comparison with the case of air plasma.

Table 3.3 Summary of the data obtained during the crude glycerol conversion
using thermal plasma (Air/CsHgOs ratio 0.88, Water vapour/CsHgO3 ratio 0.92)

Parameter Air plasma Water vapour plasma
Hz, vol.% 29.00 51.16
CO, vol.% 27.00 24.74
H./CO 1.07 2.07
LHV, MJ/Nm?3 7.74 9.82
CCE, % 75.19 100.00
ECE, % 17.35 33.73
SER, kJ/mol 266.50 191.60
SER, kWh/kg 2.47 1.78

Such a tendency was obtained due to the predominance of the steam reforming
reaction (Eq. 1.15) in the case of the water vapour plasma. The latter reaction led to
generate a higher amount of H, comparing to the amount gained via the partial
oxidation (Eq. 1.10-1.11) or complete oxidation (Eqg. 1.12) reactions, which is
predominant in the case of the air plasma. Also, the higher amount of N> was recorded
in the producer gas, when the air was used as a plasma forming gas and the gasifying
agent. Consequently, N, also contributed to the lower crude glycerol conversion
process efficiency.

3.4.  Evaluation of energy efficiency of crude glycerol gasification using
thermal air plasma

The evaluation of the energy efficiency of the crude glycerol gasification system
was performed by determining mass and energy balance in separate nodes (Eg. 2.19
— 2.34) of the thermal air plasma technological system (Fig. 3.12). Firstly, the 17.60
kg/h of air and 56.00 kWh of electrical energy was supplied to the plasma torch to
generate the thermal air plasma which was utilised for gasification of crude glycerol.
The electrical energy was transformed into thermal energy during the formation of the
air plasma. The plasma torch was water-cooled. Thus, part of the thermal energy was
transferred to the water which cools cathode (5.60 kWh) and anode (8.90 kwWh) in the
plasma torch. Consequently, the cathode cooling water and anode cooling water were
heated up to 37.7 °C and 40.3 °C, respectively, from the initial 20 °C temperature of
the cooling water. Hence, the energy supplied to the plasma-chemical reactor was
equal to 41.50 kWh. Also, the 20.30 kg/h of crude glycerol was provided to a plasma-
chemical reactor for the gasification process.
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The amount of energy stored in the feedstock was equal to 81.70 kwWh. Thus,
the total supplied energy to the plasma-chemical reactor was equal to 123.20 kwh.
However, the part of the energy was lost in the cooling water (19.00 kwh) which
heated up to 40.9 °C from the primary 20 °C of the cooling water. Another part of the
energy was lost via the radiation of the plasma-chemical reactor (12.30 kWh). Hence,
the remaining content of the energy (91.90 kWh) took part in the crude glycerol
gasification and synthesis gas formation process.

Further, 37.90 kg/h of producer gas was generated during the gasification
process. The energy content of the producer gas was equal to 91.90 kWh. The
generated producer gas was diverted downstream to the gas cooler. The 4.9 kWh of
the energy was lost into the cooling water here, and producer gas temperature
decreased from 500 °C to 29 °C. Thus, the remained total producer gas energy was
equal to 87 kWh. Summarily, a significant amount of the energy was lost into the
cooling water of the plasma technological system. Therefore, the cooling system must
be optimised to reduce energy losses.

Moreover, the generated producer gas can be used for the generation of thermal
energy in the boiler, or electrical and thermal energy in the internal combustion engine
or microturbine. The efficiency of these possible utilisation ways was determined by
Equations 2.32 and 2.33, respectively. The conversion efficiency of the producer gas
into electricity in an internal combustion engine could be 10.8%, while in the
microturbine it can be equal to 12.60% (Chaves et al., 2016; Messerle et al., 2018;
Stritigas et al., 2017).

Accordingly, the total efficiency of the process may be equal to 89.40% (or
123.10 kwh), if the producer gas would be used in the boiler. In the case, when
producer gas would be utilised in the internal combustion engine, the thermal energy
of the process may be equal to 78.60 % (or 108.30 kWh) and the electrical energy of
the process could be equivalent to 10.80 % (or 14.80 kwh). If the producer gas would
be used in the microturbine, 76.80 % (or 105.70 kWh) of the thermal energy and 12.60
% (or 17.40 kwh) of the electrical energy may be obtained. Also, the calculation of
the electrical efficiency showed that 26.40 % and 31.10 % of the energy required for
the formation of plasma can be recovered after producer gas usage in the internal
combustion engine and the microturbine, respectively. Thus, the performed
calculation revealed that a higher part of the energy is recovered in the form of the
thermal energy, while a small part of the energy could be received in the form of
electrical energy. Moreover, the estimation of possible ways to use producer gas was
performed assuming that the hot water produced during the cooling of the crude
glycerol gasification system could be used as the feed water provided for example to
the boiler.

3.5. Evaluation of energy efficiency of crude glycerol gasification using
thermal water vapour plasma
The determination of the energy efficiency of the crude glycerol gasification
system was performed by evaluating mass and energy balance in separate nodes (Eg.
2.19-2.34) of the thermal water vapour plasma technological system (Fig. 3.13).
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Firstly, the 1.80 kg/h of air, 16.70 kg/h (or 1.97 kWh) of water vapour and 62.40
kWh of electrical energy was provided to the plasma torch for the generation of the
thermal water vapour plasma. The part of the supplied total energy was transferred to
the cooling water of the cathode (5.40 kWh) and anode (9.50 kWh) in the plasma
torch. Therefore, the cathode cooling water and anode cooling water were heated up
to 37.2 °C and 41.6 °C compared to the room temperature. Thus, the energy provided
to the plasma-chemical reactor was equal to 47.50 kWh. Moreover, the 20.30 kg/h (or
81.70 kWh) of crude glycerol was supplied to a plasma-chemical reactor. Also, the
water vapour was used as a plasma forming gas. Thus, after passing the plasma torch,
the energy provided by the water vapour increased to 48.20 kWh, since the plasma
was formed. The total supplied energy to the plasma-chemical reactor was equal to
177.40 KWh.

Nevertheless, the part of the energy was lost in the cooling water (8.60 kWh)
which heated up to 32.5 °C from the initial 20 °C temperature of the cooling water.
Another part of the energy was lost via the radiation of the plasma-chemical reactor
(16.20 kwh) and the condensation of the water vapour (0.25 kWh). Accordingly, the
remaining content of the energy (152.40 kWh) was used in the crude glycerol
gasification and synthesis gas generation process. Consequently, 38.80 kg/h of
producer gas was generated via the gasification process. The energy content of the
producer gas was equal to 152.40 kWh. The formed producer gas was channelled to
the gas cooler there 5.10 kWh of producer gas energy was transferred to the cooling
water. Hence, the remained total producer gas energy was equal to 147.30 kWh.

As in the case when air plasma was used as a gasifying agent, a noticeable
amount of the energy was lost into the cooling water of the gasification system.

Also, the estimation of the producer gas possible use in the boiler, internal
combustion engine and microturbine was performed. If the producer gas would be
used in the boiler, 90.20 % (or 173.50 kWh) of the thermal energy may be obtained.
In the case, when producer gas would be used in the internal combustion engine, the
thermal energy of the process may be equivalent to 77.20 % (or 148.50 kWh) and the
electrical energy of the process could be equal to 13.00 % (or 25.00 kWh). The thermal
efficiency of the process may be equal to 74.90 % (or 144.00 kWh), and the electrical
energy of the process could be equal to 15.30 % (or 29.50 kwh) if the producer gas
would be used in the microturbine. Moreover, the calculation of the electrical
efficiency revealed that 40.10 % and 47.10 % of the energy needed for the formation
of plasma can be recovered after the usage of the producer gas in the internal
combustion engine and the microturbine, respectively. The rest of the energy is
recovered in the heat form (for the most part in hot water).

The obtained results led to indicate that the slightly higher amount of electrical
energy can be received when the producer gas is utilised in the microturbine. This
trend was also seen in the case of air plasma. Moreover, the producer gas with higher
energy (152.40 kWh) was generated in the case of the water vapour plasma, compared
to the air plasma (91.90 kwh). Such results were influenced by the predominant steam
reforming (Eq. 1.15), pyrolysis (Eq. 1.9), water-gas shift (Eq. 1.16) reactions.

79



The evaluation of producer gas utilisation options showed that a higher amount
of energy could be obtained when the gasification of the crude glycerol is performed
using the water vapour plasma instead of the air plasma (Table 3.4).

Table 3.4 The energy obtained from the producer gas

The gasification of The gasification of
20.3 kg/h of crude glycerol 1 kg/h of crude glycerol
Air Water vapour Air  Water vapour

plasma plasma plasma plasma

Producer gas, kWh 91.90 152.40 453 7.51
Boiler, thermal energy, kWh 123.10 173.50 6.06 8.55
ICE, thermal energy, kWh 108.30 148.50 5.34 7.32
ICE, electrical energy, kWh 14.80 25.00 0.73 1.23
Microturbine, thermal energy, kWh ~ 105.70 144.00 5.21 7.09
lll/lvlvcr:oturblne, electrical energy, 17.40 29.50 0.86 1.45
The energy required for plasma

formation, recovered from the 26.40 40.10 1.30 1.98

producer gas using ICE, %

The energy required for plasma

formation, recovered from producer  31.10 47.10 1.53 2.32
gas using Microturbine, %

The calculated system electrical efficiency showed that almost one-third
(26.40-31.10 %) of the energy needed for the formation of the plasma could be
recovered during the crude glycerol conversion with the air plasma. Moreover, more
than one-third (40.10-47.10 %) of the energy required for the plasma generation could
be recovered during the crude glycerol conversion with the water vapour plasma.

3.6. Diesel fuel contaminated soil remediation using the thermal plasma

The experimental studies on waste conversion were continued with the diesel
fuel contaminated soil remediation with the thermal plasma. The analysis of the soil
surface morphology, soil elemental composition and produced gas composition, as
well as thermogravimetric analysis, are provided below. Also, the mechanism of
diesel fuel polluted soil remediation with the thermal plasma and the comparison of
proposed technology with other plasma technologies applied for the petroleum
products contaminated soil remediation are given below.

3.6.1. Loamy-sandy soil surface morphology analysis

Investigation of surface morphology of the clean soil, contaminated soil (with
80+3 g/kg, 12043 g/kg and 160+3 g/kg of diesel fuel) and plasma-treated soil was
carried out by means of the SEM (Fig 3.14). Clean soil (Fig 3.14 a) had a granular
structure and consisted of small grains. SEM images of the contaminated soil (Fig
3.14 b, c, d) revealed surface modification. Contaminated soil consisted of larger
clumps which merged into bigger agglomerates when diesel fuel concentration
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increased from 80+3 g/kg to 160+3 g/kg. The soil humidity increased following the
increase in the concentration of diesel fuel (Table 2.2) which induced the growing
adhesion of soil grains into the larger agglomerates. Furthermore, after the treatment
of contaminated soil in the ambient of water vapour plasma (Fig 3.14 e, f, g) or the
ambient of air plasma (Fig 3.14 h, i, j), soil grains became akin in size and structure
to the clean soil grains.

Fig. 3.14 SEM images of soil surface: a — clean soil; b, ¢, d — soil contaminated with diesel
fuel 8043 g/kg, 120+ 3 g/kg, and 160+3 g/kg, respectively; e, f, g — contaminated soil (8043
g/kg, 12043 g/kg, and 160+3 g/kg, respectively) after the remediation in the water vapour
plasma; h, i, j — contaminated soil (80+3 g/kg, 120+3 g/kg, and 16043 g/kg, respectively)
after the remediation in the air plasma
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Similar changes in the soil surface morphology were observed by Taheri et al.
(Taheri et al., 2018). SEM images of clean soil (sand-bentonite mixture), as well as
soil contaminated with 4 %, 8 % and 12 % of diesel by weight of dry soil, indicated
that the grains in the contaminated soil were noticeably larger than those in the clean
soil. Researches summed up that this tendency was obtained due to the coverage of
clay grains with oil (diesel), which caused soil flocculation (formation of larger
clumps). Moreover, Kermani and Ebadi (Kermani et al., 2012) performed a
consolidation test of soil contaminated by oil and determined that compressibility
distinctively increased as the pollutant concentration increased. Authors stated that
such a trend could be assigned to the lubrication effect of the oil. Thus, it caused easier
soil compression into denser configurations.

3.6.2. Elemental composition analysis of loamy-sandy soil

The elemental composition of clean soil, soil contaminated with diesel fuel and soil
remediated in the water vapour plasma, or air plasma determined by EDX are shown
in Table 3.5. Comparison of the soil elemental composition revealed that as the
concentration of diesel fuel increased from 80+3 g/kg to 160+3 g/kg, the carbon
concentration increased to 10.39+0.10 %, 15.564+0.16 % and 20.2940.20 %,
respectively, from the initial 5.06+0.05 % concentration of the clean soil. The
obtained results are in line with the CHNS’s data presented in Table 2.2 in terms of
the increased amount of the carbon concentration in the soil. However, the values are
not equal or similar due to the measurement difference of the methods. Furthermore,
after the interaction between the contaminated soil and water vapour plasma, the
carbon concentration decreased to 4.03+0.04 %, 2.23+0.02 % and 3.4510.04 %,
respectively. Also, the noticeable change in the carbon concentration was observed
after interaction between the polluted soil and air plasma. Thus, the carbon
concentration in the soil reduced to 1.84+0.02 %, 1.724+0.02 %, and 1.88+0.02 %,
respectively. According to the obtained results it could be said that the remediation
process caused the desorption of carbon, which come from diesel fuel in the form of
hydrocarbon to the soil. Moreover, during soil remediation with air plasma, a slight
decomposition of organic matter (natural carbon) present in the soil was also
observed, when the temperature of the gasification environment was equal to
41004113 K. Hence some organic carbon was evaporated from the soil during the
gasification process since carbon sublimation starts to happen at the temperature of
3925-4073 K. The concentrations of soil minerals (K, Ca, Mg, Al, Fe, Na, Ti) changed
inconsiderably. Latter results are consistent with Snellings et al. (Snellings et al.,
2012) remarks. Authors stated that most of the minerals that are presented in the
burned sediments not volatilise. Hence, some of the minerals stayed unaltered, and
some become amorphous or recrystallised to form secondary minerals. Additionally,
after the remediation process, soil samples were tested according to the normative
document LAND-89-2010. The concentration of diesel fuel in the soil was not
detected or was below the laboratory detection limit (< 89 mg/kg).
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3.6.3. Loamy-sandy soil thermal analysis

The TGA (TG), DTG, and DSC measurements were performed through the
combustion process (Fig. 3.15 a—d) to identify diesel fuel behaviour in the soil during
the remediation process. Firstly, the research was carried out with clean soil (Fig. 3.15
a). The combustion process of clean soil can be divided into three mass loss stages. In
the first stage, the TGA curve represents the slight decrease of the moisture content in
the soil (0.45+0.02 %). The second mass loss stage (between 11 and 23 min)
represents the decrease of organic matter and volatiles in the soil (3.12+0.13 %).
According to TGA and DTG data, the third mass loss of the sample (1.73+0.07 %)
lasts up to 28 min of the measurement. The maximum DTG negative peak (at 746.90
°C) represents the maximum decrease of char in the soil during the combustion
process. Also, the formation of ash (94.62+3.78 %) was recorded. DSC curve shows
the endothermic process.

Further studies were carried out with contaminated soil (Fig. 3.15 b-d).
Regardless of the diesel concentration (80+3 g/kg, 120+3 g/kg, or 160+3 g/kg) in
the soil, four stages of mass loss were observed (Fig. 3.15 b—d). On the base of TGA
data, the first mass loss stage corresponds to the reduction of the moisture content in
the soil (1.75+0.07 %), while the first DTG negative peak (the second stage of mass
loss) recorded between 10 and 15 min of the measurement (at 180-205 °C) represents
vaporisation of volatile organic compounds (VOCs) followed by combustion of
VOC:s. It could be related to diesel’s boiling point, which varies from 180 °C to 370
°C (O’Brien et al., 2018; Vempatapu et al., 2017). The third and fourth mass loss
stages represent the decrease of volatiles and char in the soil similarly as in the case
of the clean soil. Moreover, the formation of ash (81.05+3.24-86.87+3.47 %) was
observed.

Furthermore, the comparison of DTG curves in Fig. 3.15 b, ¢, and d shows a
difference between the negative peaks that correspond to VOCs (diesel fuel). As the
concentration of diesel fuel increased from 80+3 g/kg to 160+3 g/kg, the negative
peak also increased. Such tendency emphasises that soil was contaminated with
different diesel fuel concentrations. Additionally, DSC curves show the endothermic
process. The obtained results are in a good correlation with the results obtained by
Raslavi¢ius et al. (Raslavi¢ius et al., 2018), the one who performed a
thermogravimetric (TGA/DTG and DSC) analysis. Authors indicated that diesel fuel
was thermally unstable and evaporated at low temperature (253.5 °C).

84



|asa1p Bx/6 09T yMM pateuILLIeIL0 [10S — P ‘[asalp BY/6 0ZT YIM pajeulLeIuod 10S — 9

UL SunL
Se e sz oz sl oL S 0
o & D.E50Z 59
o S 7 dnaL
v / oz
ooz \
| oo L (7}
\_
= - e —
oo o ot- e — ola 08
: %S08 %lbl- ] o
%62 'E-
009\ | oz 05
9 6
ooe 0
g %BL L 004
ol 02igy0t oL
O/ dWal AW SO tany jeseip B4/0 091 %/ DL
(unw%)/ 510
UL 3y
SE 3 sz 0z sl oL S 0
& 7]
0 8 08— i
/ X RE) Lo dNaL
= s
05
00z |- 08
v L e
o or ! T 510
oor a8
1
2] 0% oigog %l
009 ’ . 06
€ %99'E-
0
008 v —— 56
S
oz,
9 oxa T %GL b 5L 00t
0./ dwel  pwy 28a |eny jesaip 64/6 0g %l OL
(U 510

q

‘|asalp B/6 08 YIM paleuILBIu0D [10S — g ‘[10S Ues|D — ® :$s800.4d uonsnguwiod Burnp ssoj ssew Jo solweuAq gT°c "Bi4

VTR
o8 Sg 0g SZ 0z Sl [+]% S Q
0 i 2.4 6L 8L
oi- FaN f_,d;/ dWEL
. F
00z
1]
00F
4
009
d
008 9 o S| 00t
[ %aL L S
SRR, S 0sd
8 oxe T 504
oudWsl MW/ 95a 1any |asaip By/6 0z1 weL
(uuyeg)r 10
UL/ S|
=3 0 sz oz Gl oL S 0
of i 08
ooz | O
o
oor{ ©
0z
oog{ €
0
oogy v
0z, .
T S
9 oxa 1 %GP0- - ST 00L
0./ 'dwal AW 0Sa 1105 ues|d %/ DL
(Ul 9.1a

85



3.6.4. Producer gas analysis after soil remediation with thermal plasma

The highest values and average values of producer gas concentrations obtained
during the soil remediation with water vapour plasma are given in Table 3.6. The
concentration of the synthesis gas (H2+ CO) increased with the increase of the diesel
fuel concentration in the soil from 80+3 g/kg to 120+3 g/kg. In contrast, the
concentration of synthesis gas decreased when the soil was contaminated with 160+3
g/kg of diesel fuel. The concentrations of NOy, SOz, and CsHs changed negligibly in
all three experimental cases.

Table 3.6 Producer gas concentrations obtained during the soil remediation process

Gas concentrations extracted during the soil remediation with the water vapour

plasma:
Diesel fuel
concentration: 80+3 g/kg 120+3 g/kg 160+3 g/kg
Highest Average Highest Average Highest Average
value, value, value, value, value, value,
vol% vol% vol% vol% vol% vol%
H> 30.9440.62 20.76+0.42 37.53+0.75 23.07+0.46 23.7+0.47 17.584+0.35
(e{0] 5.78+0.12  4.22+0.09 6.96+0.14 4.64+0.09 3.84+0.08 2.98+0.06
CO2 246+0.49 17.1740.34 15.940.32 10.194+0.20 15.3+0.31 10.29+0.21
NO 0.55+0.01 0.33+0.01 0.55+0.01 0.30+0.01  0.554+0.01  0.35+0.01
NO2 0.07+0.001 0.03+0.001 0.07+0.001 0.044+0.001 0.07+0.001 0.05+0.001
SO2 0.04+0.001 0.04+0.001 0.04+0.001 0.03+0.001 0.04+0.001 0.03+0.001
CsHs 0.214+0.004 0.15+0.003 0.13+0.003 0.104+0.002 0.13+0.003 0.09+0.002

The changes in the producer gas concentrations during the contaminated soil
remediation process are shown in Figure 3.16 a-f. Despite the diesel fuel
concentration (80+3 g/kg, 120+3 g/kg or 160+3 g/kg) in the soil, a decrease of
oxygen from 21.00+0.42 vol% to 2.88+0.06 vol%, 1.03+0.02 vol%, and 1.29+0.03
vol%, as well as the formation of synthesis gas (H. + CO) were recorded in all three
experimental cases (Fig 3.16 a, ¢, €). In this context, up to 30.944+0.62 vol% of
hydrogen and 5.7840.12 vol% of CO were observed when the soil was contaminated
with 80 g/kg of diesel fuel (Fig 3.16 a). While up to 37.531+0.75 vol%, 23.7+0.47
vol% of hydrogen and 6.96+0.14 vol%, 3.84+0.08 vol% of CO were measured when
the soil was contaminated with 120+3 g/kg and 160+3 g/kg of diesel fuel,
respectively (Fig 3.16 c, e). The synthesis gas formation was observed due to the
prevailing steam reforming reaction (Eg. 1.23) and decomposition reaction (Eq. 1.27).
The highest amount of synthesis gas was recorded during the remediation of soil
contaminated by 12043 g/kg diesel fuel. These results were obtained due to the higher
pollutant concentration (comparing to 80+3 g/kg) and a fast steam reforming reaction
(Eg. 1.23). However, the reaction (Eq.1.23) slowed down and the interaction time
between the pollutant and active species increased, when diesel fuel concentration was
raised to 16043 g/kg. The higher diesel fuel concentration meant that a higher amount
of contaminant molecules existed. Firstly, these molecules competed with each other
for the reactive species in the plasma environment. Secondly, the higher diesel fuel
86



concentrations created a thicker top layer above the grain of the soil by covering it.
Thus, plasma reactive species needed more energy and time to remove diesel fuel
molecules located above the soil (top layer) and in the inner soil layers. Because of
these reasons, the remediation process slowed down and a lower amount of synthesis
gas was observed.
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Fig. 3.16 Gas concentrations extracted during the remediation process: a, b — Sail
contaminated with 80+3 g/kg diesel; ¢, d — Soil contaminated with 120+3 g/kg diesel; e, f -
Soil contaminated with 160+3 g/kg diesel

Moreover, the water-gas shift reaction (Eq. 1.24) and the Boudouard reaction
(Eqg. 1.25) let to the formation of CO,. In this respect, up to 24.6+0.49 vol%,
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15.94+0.32 vol%, 15.3+0.31 vol% of CO, were obtained when the soil was
contaminated with 80 g/kg, 120 g/kg, and 160 g/kg of diesel fuel, respectively.
Additionally, the side reactions (Eq. 1.25-1.27) caused the formation of coke.

Furthermore, insignificant contents of NO (0.55+0.01 vol%), NO, (0.074+0.001
vol%), SO (0.0440.001 vol%), and CsHs (0.13+0.003-0.21+0.004 vol%) were
measured in all three cases (Fig 3.16 b, d, f). This was mainly attributed to the air used
as a shielding gas (up to 13 %) in order to protect the cathode of the plasma torch from
erosion. Also, diesel fuel contains small amounts of nitrogen, oxygen, and sulphur.
Thus, NOxand SO, formation could possibly occur due to the diesel fuel interaction
with plasma active species (e.g. -O radical).

In addition, Aggelopoulos et al. (Aggelopoulos et al., 2016b) performed the
remediation of 100 g/kg non-aqueous phase liquid polluted soils. In the research, it
was found that at the end of the plasma treatment, the carbon-based materials were
completely released in the exhaust gases as VOCs, CO2, and CO. When the applied
voltage was 28 kV and the air flow rate was 0.082 g/s, the concentrations of VOCs,
CO,, and CO were equal to 74.5 %, 8 % and 17.5 %, respectively. The concentrations
changed with the change of the airflow rate (0.0031 g/s). Accordingly, VOC
generation decreased, while CO; and CO increased to 40 % and 59 %, respectively.
The results obtained by the researchers indicated complete pollutant conversion and
soil remediation.

The highest values and average values of producer gas concentrations obtained
during the soil remediation with air plasma are given in Table 3.7. The concentration
of the CO; increased with the increase of the diesel fuel concentration in the soil from
80+3 g/kg to 160+3 g/kg. The concentrations of NOy, SO,, and C3Hs changed
insignificantly in all three experimental cases.

Table 3.7 Producer gas concentrations obtained during the soil remediation process

Gas concentrations extracted during the soil remediation with air plasma:

Diesel fuel

concentration: 8043 g/kg 120+3 g/kg 16043 g/kg
Highest Average Highest Average Highest Average
value, vol% value, value, value, value, vol% value, vol%
' vol% vol% vol% ' '
H> 0 0 0 0 1.42+0.03 0.44+0.01
CO 0 0 0 0 2.91+0.06 0.71+0.01

CO2 6.67+0.13 3.46+0.07 7.86%+0.16 4.57+0.09 9.14+0.18 5.05+0.10

NO 0.13+0.003  0.084+0.002 0.16+0.003 0.08+0.002  0.19+0.004 0.0940.002
NO2 0.05+0.001  0.03+0.001 0.05+0.001 0.03+0.001  0.04+0.001 0.0340.001
SOz 0.001+0.00002 0.001+0.00002 0.014+0.0003 0.01+0.0002
CsHg 0.001+0.00002 0.001+0.00002 0.044+0.001  0.02+0.0003

The changes in the producer gas concentrations during the interaction between
the diesel fuel contaminated soil and air plasma are given in Figure 3.17 a-f.
Formation of the carbon dioxide was observed during the remediation of the soil
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contaminated with 8043 g/kg and 12043 g/kg of diesel fuel, respectively. In this
context, up to 6.67+0.13 vol% and 7.86+0.16 vol% of CO, were measured when the
concentrations of diesel fuel in the soil were equal to 80+3 g/kg and 120+3 g/kg,
respectively (Fig 3.17 a, c).
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Fig. 3.17 Gas concentrations extracted during the remediation process: a, b — Soil
contaminated with 80+3 g/kg diesel; ¢, d — Soil contaminated with 120+3 g/kg diesel; e, f -
Soil contaminated with 160+3 g/kg diesel

Within the soil remediation process, the oxidation of the diesel fuel takes place.
Consequently, a decrease in oxygen from 214+0.42 vol% to 9.88+0.19, and 8.52+0.17
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vol%, as well as the formation of CO,, were recorded due to the predominant complete
oxidation reaction (Eq. 1.22). The higher concentration of CO, was observed during
the treatment of soil polluted with 12043 g/kg diesel fuel. These results were obtained
due to the higher contaminant concentration compared to 80+3 g/kg.

Additionally, when diesel fuel concentration in the soil was increased to 160+3
g/kg, the formation of CO; (9.1440.18 vol%) and synthesis gas (4.33+0.09 vol%)
was observed (Fig. 3.20 e). Firstly, during the interaction between air plasma and
contaminant, the typical complete oxidation reaction (Eq. 1.22) caused the generation
of carbon dioxide. However, after some time, the lack of oxygen caused a slowdown
of the complete oxidation reaction (Eg. 1.22) and predominance of partial oxidation
reactions (Eq. 1.19-1.21). Consequently, the generation of synthesis gas was
observed. Furthermore, the highest decrease in oxygen concentration from 2140.42
vol% to 5.29+0.11 vol% was recorded during this soil remediation process.

Moreover, small contents of NO (0.13+0.002-0.24+0.004 vol%), NO:
(0.04+0.001-0.05+0.001 vol%), SO, (0.001+0.00002-0.01440.0003 vol%), and
CsHs (0.001+0.00002-0.044+0.0009 vol%) were recorded in all three experimental
cases (Fig 3.17 b, d, f). Similarly, as in the case of using the water vapour plasma, the
formation of NO, NO,, SO, and C3Hs were mostly attributed to the composition of
diesel fuel and the usage of the air as a plasma forming gas.

The obtained experimental results are in good agreement with Lee et al., (2010),
who investigated the effect of excess oxygen in plasma reforming of diesel fuel.
Researchers indicated that the addition of O in the reforming process increased the
oxidative cracking of heavy hydrocarbons mostly into the CO. Moreover, the authors
specified that the surplus of oxygen preferably affects the oxidation process of
carbonaceous species instead of the hydrogen generation process. Also, Dinh et al.,
(2017) used the non-thermal, rotating arc plasma for partial oxidation of diesel fuel.
In this research, the authors suggested that the diesel fuel reforming reaction possibly
may appear in two stages. Firstly, the reaction between the oxidiser and diesel fuel
prevails and induces synthesis gas (H.+CO) generation. This diesel fuel cracking
reaction is the primary reaction in the first stage. In the second stage, the diesel fuel is
already decomposed and the generation of hydrogen and carbon monoxide is not
recorded. Instead, synthesis gas reacts with a remaining oxidiser. Thus, the formation
of CO2 and H20 is observed.

3.6.5. The mechanism of the diesel fuel contaminated soil remediation with the
thermal plasma

Diesel fuel conversion to gaseous compounds includes complex chemical
reactions (Eg. 1.19-1.27). Firstly, the formation of thermal plasma occurred. The
energetic electrons emitted from cathode interacted with preheated water vapour and
formed reactive radicals including -O, -H, and -‘OH (Eq. 1.1-1.4), in the case of the
water vapour plasma. The air plasma was formed by the interaction between energetic
electrons and air, which led to the formation of reactive species, such as O, -N. The
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produced charged and reactive species initiated and accelerated the diesel fuel
decomposition reactions in the plasma-chemical reactor (Fig. 3.18).

During the soil contamination process, the diesel fuel created a top layer above
the grain of the soil by covering it. Also, diesel fuel adsorbed into the soil pores during
the penetration into the inner layers. The increasing contaminant concentration caused
increasing soil compressibility, the formation of larger soil agglomerates (Fig. 3.14 b-
d) and reduction of soil porosity. Moreover, the higher diesel fuel concentration
created a thicker top layer above the grain of the soil by covering it.

Contaminated e *H +OH
soil

° o .ﬁ #3@ +— Diesel fuel

Q e ?.. ‘(.@..& (CnHe)
® A0,
’%.* @ Synthesis

gas

cen ) - 4

Fig. 3.18 The mechanism of the contaminated soil remediation with a thermal plasma

At the beginning of the polluted soil remediation process with thermal plasma,
high-temperature reactive species interacted with diesel fuel molecules located above
the soil (top layer). Due to the high temperature (2880+60 K and 41004113 K at the
environment of the water vapour plasma and air plasma, respectively), part of these
molecules evaporated and interacted with reactive species in the gas phase. When the
top layer of contaminants was decomposed, active species started to penetrate into the
soil pores and interacted with diesel molecules located into the deeper soil layers.
Contaminants were treated layer-by-layer in the vertical direction. The contaminant
conversion process with the thermal plasma ensured soil purification and diesel fuel
decomposition to gaseous compounds, mainly H,, CO, and CO,.

Summarily, the purpose of the performed experiments was to clean the soil from
the diesel fuel. Thus, the thermal plasma potential to remediate soil contaminated with
diesel fuel is given in Table 3.8. Obtained results revealed that both types of plasma
(air and water vapour) are suitable to remediate pollutant from the soil. Also, the
thermal plasma environment ensures high contaminant removal efficiency.
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Table 3.8 Thermal plasma potential to remediate soil contaminated with diesel
fuel (8043 g/kg, 120+3 g/kg and 160+3 g/kg)

Parameter Air plasma Water vapour plasma
Diesel fuel content in the soil after

remediation < 0.089 g/kg < 0.089 g/kg
Contaminant removal efficiency, % 99.90 99.90

Also, the comparison of petroleum products contaminated soil remediation by
various plasma methods is given in Table 3.9. Accordingly, the thermal plasma
method presented in this dissertation was suitable for the efficient removal (99.90 %)
of relatively high concentrations of diesel fuel (80+3-160+3 g/kg) from the soil in a
short time (24 min). Meanwhile, the contaminant removal efficiency from the soil
using non-thermal plasma varied between 23.00-97.00 %.

Table 3.9 Comparison of petroleum products contaminated soil remediation by
various plasma methods

Discharge Pollutant Removal
type, Gasifying Soil Treatment -
Reference content, . L efficiency,
power agent pollutant time, min
g/kg %
kW
This work DC, Water - piesel fuel  80-160 24 99.90
56.00 vapour
This work 52%0 Air Diesel fuel ~ 80-160 24 99.90
PCD, Air - 86.00
(Zhan et al., 2019) 0.02-0.06 Gasoline 2-4 60
PCD, .
(Zhan et al., 2019) 0.02-0.06 Oxygen Gasoline 2-4 60 84.00
PCD, .
(Zhan et al., 2019) 0.02-0.06 Argon Gasoline 2-4 60 39.00
PCD, . .
(Zhan et al., 2019) 0.02-0.06 Nitrogen Gasoline 2-4 60 23.00
. PCD, Un- - 57.00-
(Lietal., 2017) 30 KV named Gasoline 2.5-10 60 81.00
(Aggelopoulos, DBD, . n- 84.00-
2016) 0.025 Al dodecane 9970 22 94.00
(Aggelopoulos, DBD, . n- 91.00-
2016) 0.025 AL dodecane 0> 34 97.00
(Redolfi et al., DBD, .
2009) 0002 Air Kerosene 0.074 8 90.00

Additionally, the other researchers have remediated soil contaminated with
much lower concentrations of petroleum products (0.5-50 g/kg). In some cases, the
purification of petroleum products (2—4 g/kg) from soil took a longer time (60 min)
compared to the method presented in this work (24 min). Consequently, the thermal
plasma has a higher ability to remove higher concentrations of petroleum products
from the soil, in a short time, compared to the non-thermal plasma.
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CONCLUSIONS

Plasma-based conversion of liquid (crude glycerol) and solid (diesel
contaminated soil) wastes was implemented in this dissertation. After researching the
electrical and thermal characteristics of the plasma torch, the operating conditions
ensuring the most stable work of the plasma torch and the most suitable environment
for waste conversion were determined. The plasma-based conversion process of crude
glycerol was experimentally investigated when the gasifying agent/CsHsOs ratio
varied between 0.48—0.88 and 0.52—0.92 in the cases of air plasma and water vapour
plasma, respectively. Experimental research studies on the remediation of diesel fuel
contaminated soil were also performed to evaluate the dependence of the treatment
process on the type of plasma forming gas (air, water vapour) and the pollutant
concentration (80-160 g/kg) in the soil. The obtained researches results can be
summarised as follows:

1. The highest thermal efficiency of n=78 % and n=68 % was received at the
current of 160 A when air and a mixture of air/water vapour were used as a
plasma forming gas. These plasma torch working parameters ensure the most
suitable conditions for the waste conversion process.

2. The increase of the gasifying agent content in the total gasifying
agent/CsHgO; ratio induces a slight rise of Ho/CO ratio and lower heating
value as well as the increase of carbon conversion and energy conversion
efficiency and decrease of specific energy requirements.

3. The comparison of different types of the gasifying agent at maximum
gasifying agent/C3HgOs ratios showed that the use of the water vapour plasma
led to the generation of 35.50 % higher values of synthesis gas, two times
higher H,/CO ratio (2.07), 2.10 MJ/Nm? higher lower heating value, 33 %
higher carbon conversion efficiency, 94.40 % higher energy conversion
efficiency, 74.9 kJ/mol lower specific energy requirement, compared to the
air plasma.

4. The energy content of the producer gas was 91.90 kWh and 152.40 kWh when

the glycerol conversion process was performed using the air plasma and water
vapour plasma, respectively. Potentially, 14.80-29.50 kWh of electrical
energy, as well as 105.60-173.50 kWh of thermal energy can be generated
from producer gas in the cases of the air plasma and water vapour plasma,
respectively. Also, up to 31 % and 47 % of the electricity required for the
formation of air plasma and water vapour plasma can be recovered by using
producer gas in an internal combustion engine or microturbine.

5. The efficiency of the soil remediation process does not depend on the
investigated diesel fuel concentrations (80 g/kg, 120 g/kg, and 160 g/kg) in
the soil and the type of plasma forming gases (air, water vapour). In all cases,
the thermal plasma treatment efficiency of the diesel fuel contaminated soil is
99.90 % by remediating 5.4 kg/h of soil.
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