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Chapter

Dioxin and Furan Emissions from
Gasification

Seyedeh Masoumeh Safavi, Christiaan Richter
and Runar Unnthorsson

Abstract

PCDD/Fs are a 75-member family of toxic chemicals that include congeners
(members) that have serious health effects including congeners that are classi-
fied group 1 carcinogens, endocrine disruptors and weakening or damage to the
immune system. Municipal solid waste (MSW) incinerations had historically been
implicated as the major source of PCDD/Fs distributed by air. As a result of aware-
ness and legislation most European MSW incinerators were either shut down or
equipped with modern air pollution control systems necessary to achieve MSW
incineration with PCDD/F emissions within regulatory limits set by national and
international laws (typically <0.1 ng TEQ/Nm®). There is a common belief that
gasification of waste and/or biomass, unlike incineration, inherently and always
achieve emission below regulatory and detectable limits. However, a review of the
literature suggests that the belief that the substitution of incineration with gasifica-
tion would always, or necessarily, reduce PCDD/Fs emissions to acceptable levels
is overly simplistic. This chapter discusses the mechanisms of PCDD/Fs formation,
the operational measures and parameter ranges that can be controlled during
gasification to minimize PCDD/Fs formation, and methods for post-formation
PCDD/F removal are reviewed. The purpose of this chapter is to assist researchers
and practitioners in formulating waste management policies and strategies, and in
conducting relevant research and environmental impact studies.

Keywords: gasification, dioxins, furans, dioxin formation mechanism,
PCDD/F removal technologies

1. Introduction

Due to industrialization and improved living standards, global energy consump-
tion is on the rise. Simultaneous population growth and per capita energy demand
led to increased fossil fuel production and consumption accounting for about 80%
of world energy consumption, while nuclear, biomass, and hydroelectric energy
accounting for the remaining 20%. This trend of fossil fuel use as the largest
portion of the growing global energy mix results in a steady increase in CO,, NO,
and SO, emissions, leading to environmental threats. Therefore, seeking sustain-
able solutions is urgent. Biomass is defined as biological and carbon-containing
material derived from living or recently living organisms. Biomass is one of the
biggest sources of energy and is a renewable, possibly efficient, and an attractive
alternative to fossil fuels. Biomass when compared to fossil fuels contains much less
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carbon, more oxygen, and less heat in the range of 12-16 MJ/kg [1]. Its average net
greenhouse gas emissions are lower than fossil fuels, an environmental advantage
that may be a key driver for biomass and waste energy extraction. Biomass is the
predominant source of energy in many developing countries, but in some indus-
trialized ones it also plays an important role. Biomass-based options for energy
production are widely researched and developed to replace fossil fuels in heat and
electricity production, chemicals formation, agriculture, moving towards sustain-
ability, regional economic and social development in order to alleviate the emission
of greenhouse gas [2].

1.1 General overview: thermochemical biomass conversion methods

Through biochemical, chemical, and thermochemical conversion techniques,
the chemical energy that is contained in biomass is converted to heat, electricity
or fuel. Biochemical and chemical methods can only convert selected biomass to
biogas, biodiesel, etc., while most biomass materials can be thermochemically
converted. Thermochemical biomass conversion is one of the most energy-efficient,
flexible, and high-energy yield methods for extraction of energy from biomass and
organic waste, and therefore one of the most promising pathways with many envi-
ronmental benefits. This thermal treatment can be divided into different processes
depending on the supply of oxygen: (1) combustion; direct biomass burning using
excess oxygen, (2) gasification; biomass burning with a limited oxygen supply, and
(3) pyrolysis; biomass burning without oxygen [3], where gasification is the most
efficient energy extraction process [4, 5].

Given its economic and environmental benefits, gasification has attracted
worldwide attention. Many agricultural and industrial waste streams that are
currently problematic can be used sustainably through gasification. Industrial
waste (e.g., from the food and pulp and wood industries), municipal waste (e.g.,
household waste), or agricultural waste (e.g., gardening and animal manure) [6]
and energy products can be all converted into a mixture of non-combustible gas
in a gasifier (producer gas) via gasification. Gasification is the conversion of solid
carbon to a gas under a limited oxygen supply at high temperatures (400-1000°C
[7]). Producer gas is a mixture of CO, H,, CHy, slight amounts of other light
hydrocarbons, steam, CO,, N,, in addition to impurities like char, ash, tar, and oil
particles. The producer gas can simply be stored and combusted at a later time to
produce heat and/or steam. The producer gas can also produce electricity when
used in gas turbines or to power and engine-generator combo. Syngas is the purified
producer gas that can be used as fuel or as feedstock to produce higher value fuel or
chemicals [8].

Although the main feedstock for gasification can be any hydrocarbons; the
acceptable range of feedstock properties is practically very narrow for most existing
real world gasifiers. This is a major disadvantage compared to incineration. The
reaction chemistry and fluid-dynamics within gasifiers tend to be highly sensitive
to changes in the composition of raw materials, their reactivity, density, particle
size, moisture, and ash content. The beneficial output in combustion plants is
power and possibly heat, while the output in gasification can also be chemicals,
liquid fuels or hydrogen in addition to power and heat. Due to the presence of
acid gases, tar particles, and other impurities that exist in the gas produced by the
gasifier, the producer gas should be treated properly for optimal production of
chemicals, liquid or hydrogen fuels and internally-fired cycles (internal combustion
engines, gas turbines) [8].

Biomass conversion efficiency varies based on the gasifier itself, purpose of use,
type of treated material, its particle shape and size, and the gas flow. The process



Dioxin and Furan Emissions from Gasification
DOI: http://dx.doi.org/10.5772/intechopen.95475

of gasification which occurs in gasifiers can be divided into five groups: (1) the
calorific heat of the producer gas is high when it is between 10 to 40 MJ/Nm?; it

is medium if it is between 5 to 10 MJ/Nm?; and it is low when below 5 MJ/Nm?;

(2) nature of gasification agents (air, O2, steam, H,); (3) the direction in which
consuming material and gasifying agents move (updraft, downdraft; cross draft

or fluidized bed); (4) operating pressure (atmospheric or high pressures of up to

6 MPa); (5) type of feedstock (municipal solid waste (MSW), industrial waste,
biomass/wood). There are only a few processes that do not fall into these categories,
namely molten iron bath gasification, in situ gasification (underground gasifica-
tion), plasma gasification or hydrogasification and rotary kiln gasification [8, 9].

1.2 Gasification vs. combustion

Combustion has been a viable method for waste management with drawbacks
such as harmful process residues and hazardous emissions. Gasification has come
up to tackle these issues and improve energy efficiency. Gasification reduces cor-
rosion and emission by preserving alkali and heavy metals (excluding Hg and Cd),
sulfur and chlorine in the process residues, greatly inhibiting dibenzo-p-dioxins
(PCDDs) and chlorinated dibenzofluorans (PCDFs) formation and decrease the
formation of thermal nitrogen oxides (NOy) owing to lower temperatures and
reducing conditions [10]. Slag gasification can destruct dangerous compounds,
however, S and Cl species such as H,S and HCI might remain present in the pro-
ducer gas. When producer gas volume is small, lower dimensioned gas cleanups is
needed. This can save the cost of investment while using O2 raises both the costs
and the producer gas calorific value. Producer gas can be used in different applica-
tions energetically or as raw material which has a higher efficiency [9, 11]. Some of
the potential benefits of gasification versus combustion and their corresponding
potential drawbacks are summarized in Figure 1, using reference [12] with the
permission of Elsevier.

PCDD/Fs are a group of unwanted by-products and pollutants coming from
thermal and combustion processes. The toxicological and chemical properties of
compounds of this sort depend on the number and position of the chlorine atoms
that are bound to the two aromatic rings [13]. PCDDs and PCDFs are composed of
75 and 135 homologs, respectively. Specific isomers of PCDD/F have been recog-
nized for their toxicological properties that have serious carcinogens [14]. They are
highly toxic and cause severe bronchitis, asthma, and strangulation of the lungs in

Potential advantages of gasification vs. combustion Related issues that hinder the benefits of gasification
s since syngas is highly toxic and explosive, its presence raises major

*  the combustible gas generated by gasification is easier to handle. meter ; : 2 ;
security concerns and requires sophisticated control equipment

e since feedstock is oxidized/converted in two steps (gasification + syngas
combustion/conversion) plants tend to be more complex and costly, more
difficult 1o operate and maintain, less reliable

and control than waste
*  the homogenous, gas-phase combustion of syngas can be carried out
under conditions more favorable than those achievable with waste

The reducing conditions in the gasifier: The actual production of pollutants depends on how syngas is processed
*  improve the quality of solid residues, particularly metals downstream of the gasifier; if syngas is eventually oxidized, dioxins, furans
*  reduce the generation of some pollutants (dioxins. furans and NOy) and NOy may still be an issue

*  Required syngas treatment is costly and causes significant energy
consumption/losses
*  Due to the consumption/losses of gasification and syngas clean-up.

Syngas can be used, after proper treatment; in highly efficient internally- ; i " ;
4 ! ~ overall energy conversion efficiency is typically lower than that of

fired cycles :
combustion plants
* At the small scale typical of waste treatment plants, efficiency of
internally-fired systems are low (especially if gas wrbine- based)
e Reguired syngas treatment very demanding and costly
Syngas can be used, after proper treatment, to generate high-quality fuels e At the small scale typical of waste treatment plants, synthesizing quality
(diesel fuel. gasoline or hydrogen) or chemicals fuels or chemicals can entail prohibitive costs
Gasification at high pressure enhances the opportunities to increase energy Pressurized waste gasification poses formidable challenges and has not been
conversion efficiency and reduce costs gasification attempted by any technology developer
Figure 1.

Comparison of waste gasification and combustion.
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humans. Agricultural lands and livestock in the vicinity of incinerators can also be
affected by dioxin that infects meat, dairy products, and so on. Consuming these
products may destroy the human immune system, thyroid function, hormone
dysfunction, and causes cancer. It has negative health condition in infants because
of dioxin exposure through breast milk and uterine exposure. Scientists have
conducted numerous experimental studies on experimental animals (rats and
mice) to investigate the effects of dioxin contamination that lead to carcinogenic-
ity, liver toxicity, and immune toxicity. 2,3,7,8,8-tetrachlorodibenzo-p-dioxin
(TCDD), considered to be very toxic and assigned a toxic equivalence factor (TEF)
value of 1 [10, 15, 16], and commonly used as a test substance in toxicity tests. In
immunotoxicity experiments, 2,3,7,8-TCDD caused thyroid atrophy, cellular and
humoral immune abnormalities, constrained host resistance to viral infections, and
inhibited antibody formation [17].

In 1977, the release of PCDD/F from incineration processes was first observed.
Since then, researchers have evaluated emission of this compound by a series of
thermal processes that include integrated combustion and gasification [16]. The
main reason for the negative environmental reputation of waste incineration is the
emission of PCDD/F and other pollutants during the process [18], especially for
MSW incineration [19-21]. After PCDD/F enters the atmosphere, they are exposed
to chemical, physical, and biological changes and eventually contaminate soil, body
and sediment [22].

The purpose of this chapter is to shed more light on PCDD/F formation and
their sources in combustion. The main objective is to review the PCDD/F forma-
tion in gasification as there is no review on formation and emission of dioxins from
processes based on gasification know-hows. This chapter highlights the likelihood
of reducing the emission of PCDD/Fs to well below regulatory limits or even detec-
tion limits, by using gasification technology. We have done a thorough study of all
the accessible articles came into existence over the last 30 years in literature to be
able to frame this review which is really felt missing in the field.

2. Dioxin formation

In the 1950s and 1960s, incinerating organic waste from chemical plants and
releasing greenhouse gases into the atmosphere became common practice. Its exten-
sion to incineration of solid waste, especially MSW, increased during the 1960s and
1970s and enabled these processes to recover the energy generated by waste incinera-
tion, reduce the waste by 80-90% of volume, and consequently decrease the areas
required for landfilling. Nonetheless, the release of very toxic organic compounds
from waste incineration, recognized as dioxins, was not known back then [23].
Actually, the toxic effects of PCDD/F were not materialized until around the end of
1980s. Due to maximum enforcement of available control technology regulations,
the release of “toxic equivalent” dioxin (TEQ ) from US power plants was lessened by
three orders of magnitude to less than 12 g of TEQ per year by 1987 [24]. It has been
widely acknowledged that combustion processes lead to the formation or emission
of by-products such as NOy, SO, HCI, TOC, CO, HF, and CO, into the atmosphere.
Moreover, small quantities of toxic substances such as metals and PCDD/F are
released into the atmosphere [23]. Figure 2 shows the structure of PCDD/Fs [25].

2.1 Dioxin formation during combustion

The formation and emission of dioxin - group of chlorinated poly-nuclear
aromatic compounds - from waste combustion is of prodigious public concern.
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Figure 2.
Molecular structure of polychlorinated dibenzo- p-dioxins (a) and dibenzofurans (b). Reprinted from [25]
with the permission of Elsevier.

Dioxin is released in small quantities from combustion sources mainly in the
process of municipal waste incineration, which is one of the most important sources
of PCDD/Fs formation in the environment. Therefore, dioxin control measurement
from combustion sources has become vital and the mechanisms of dioxin formation
have been comprehensively investigated because of its carcinogenic and mutagenic
effects.

2.1.1 Mechanism of PCDD/F formation

PCDD/Fs can be formed when reaction of hydrocarbons and chlorine takes
place in vicinity of O2 and metals like Cu at high temperatures of 200 to 800°C.
There are many theories regarding the mechanism of dioxin formation. PCDD/F
formation proceed via: (1) homogeneous (gas phase) reactions at high tempera-
tures (500 to 800°C), and the main mechanism of the reaction process is via
chlorination precursors like chlorophenol (CP) and chlorobenzene (CB) in the gas
phase. This high-temperature homogeneous path is known as “precursor route” in
which a smaller subset of PCDD/Fs is formed in the gas phase. (2) heterogeneous
(surface-catalyzed) reactions at lower temperatures (200 to 400°C) in the post-
combustion zone [21, 26]. This low temperature heterogeneous path is called the
“de novo route” (for the PCDD/Fs subset of carbon, oxygen, hydrogen and chlorine
in the cooling flue gas). In the heterogeneous mechanism, the formed PCDD/Fs
may also come from CPs or CBs or from carbon in fly ash. The catalytic effect of fly
ash or soot is the main factor in the latter case, and this is a well-known example
of a de novo process. It is said that the two pathways of dioxin formation occur
simultaneously and independently. It is still debated whether the carbon in the
heterogeneous PCDD/F mainly comes from gas precursors or from carbon in fly
ash [25, 27]. Dickson et al. [28] disclosed that under similar conditions, the rate of
PCDD/Fs precursor formation is 72-99000 times higher than the rate of carbon
formation in fly ash. Luijk et al. [29] thought that the formation of PCDD/Fs from
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precursors was about 3,000 times faster than the de novo process of activated
carbon. The precursors were found to be the major source of PCDD/Fs formation
by Tuppurainen et al. [30]. Figure 3 is a stylized illustration of the mechanisms
by which PCDD/F is formed in combustion systems. The surface shows a particle
of ash, and the arrows depict both the reaction and absorption processes. Thick
arrows indicate the relative importance of pathways in the formation of PCDD/F.

The emission of PCDD/Fs is directly related to the amount of carbon used.
Along with CP, CBs, polycyclic aromatic hydrocarbons (PAHs), and residual car-
bon, there are also key elements that influence the formation of PCDD/Fs including
residence time, precursors, combustion temperature, PCDD and chlorine in the
feed, feed processing, supplemental fuel and oxygen availability [31, 32].

Dioxin formation happens in a temperature range of 200 to 800°C with a
maximum reaction rate reached between 350 to 400°C [33]. Data from the litera-
ture show that the rate is very slow in the range of 200 to 250°C. Under optimum
combustion conditions (such as adequate oxygen, mixing, and airflow), virtually
all organic compounds including PCDD/F are destroyed above 800°C. However,
PCDD/F is formable at high temperatures, but under less optimum conditions like
insufficient oxygen [34]. Dioxin formation correlates well with access to organic
precursors, CO, unburned carbon or combustion products (even soot particles),
metal salts and hydrogen chloride/chlorine. Dioxins are formed during the cooling
cycles of the flue gas in combustion systems. This formation process goes via one of
the two mechanisms mentioned above [21, 35]. The main mechanism of dioxin for-
mation in combustion systems appears to be de novo synthesis where morphology
of the carbon from deteriorated graphical configuration is critical for dioxin forma-
tion. Therefore, such carbon morphologies have been investigated. It was found
that the soot particles from gas phase combustion reactions including deteriorated
graphical configurations are a potential source of de novo dioxins synthesis.

The formation of PCDD/F in combustion processes can be described in a two-
step route: (1) formation of carbon: carbon particles comprised of deteriorated
graphical configurations in the combustion region. (2) oxidation of carbon: the

500 — 800°C HC CL,

/ PCDF

CO/CO,

0O,

Clz

S il SR A

CP j PCDD/F
. 4

C Cuw CcCccCceecrcccecceccececced™ece

200 —400°C

Figure 3.
The pathway for formation of PCDD/F is illustrated in this diagram. Reprinted from [25] with the permission
of Elsevier.
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carbon particles that have not been properly burnt can still be oxidized in low
temperatures after combustion. PCDD/Fs are by-products of oxidative degrada-
tion of the graphical structure of carbon particles. There are several steps and
chemical reactions involved in these routes. Here are at least three known steps for
carbon formation: nucleation, agglomeration and particle growth. Here are four
steps involved in carbon oxidation: oxidant adsorption, complex intermediate
formation with metal ion catalysts, interaction with graphitic carbon structure,
and product desorption. The nature of these chemical reactions is complex and
heterogeneous [21].

Since the reactants for the formation of PCDD/Fs are inadequate during
combustion, the combustion conditions are likely to have a major influence on the
formation of PCDD/F. There are some conditions in the combustion process that
can cause a favorable formation of PCDD/F. These conditions are: low combus-
tion temperature, poor turbulence in the combustion chamber, short residence
time in the combustion zone, low O2 content resulting in deficient combustion,
sluggish flue gas cooling process in the critical temperature range [23]. Moreover,
existence of metals (Cu, Fe, Pb and Zn) [35] in fly ash catalytically increase
formation of PCDD/F. Also in presence of these metals, PCDD/F can react with
chloride and unburned carbon and contribute to the so-called de novo synthesis
of PCDD/F [35-37].

Chlorine content in raw materials is one reason for PCDD/Fs formation during
combustion [21, 38]. When combusting wood, for example, presence of phenol,
lignin or carbon and chlorine particles can contribute to emission of PCDD/Fs
[39]. Since the concentration of chlorine in uncoated natural wood is low [40],
the combustion of this feedstock yields a much lower emission rate of PCDD/Fs
compared to when combusting straw, coal, and sewage sludge [41]. Contrarily,
during combustion of wood, PCDD/Fs compounds can remain on the surface and
thus be removed by fly ash particles. Thus, primary and secondary emission control
measurements are vital to effectively mitigate this part of the PCDD/FS emission in
the flue gas. Some example of these control measurements are: usage of high quality
wood fuel, optimizing combustion conditions, and try to precipitate the fly ash at
low temperatures (less than 200°C) [42].

There is a review on dioxin emission from wood combustion by Lavric et al.

[19] emphasizing on the fact that the combustion conditions and fuel properties
are the most dominant considerations on the dioxin release rate. They concluded
that using flue gas cleaning systems when combusting non-contaminated natural
wood, lowers the level of dioxin emission below the legitimate levels. The minimum
concentration of dioxin in greenhouse gas emissions prescribed by most current
European legislation is 0.1 ng m’ expressed in I'TEQ units [43].

2.2 Dioxin formation in gasification

The formation of harmful chemicals, especially PCDD/Fs, is the most serious
problem. It is important to reduce the formation of polychlorinated compounds and
increase their capture due to their environmental emissions. Although there is an
increasing trend of well-designed gasifiers with a broad range of raw materials that
are essentially used in gasifiers, not all materials should necessarily be gasified in
a given setup. Processed plastic, rubber, and tanned leather [44] as well as vari-
ous animal biomasses (such as food waste) and sewage sludge [45] contain large
amounts of chlorine.

Solid waste segment is commonly treated at incinerators. Energy generation
via waste incineration has become an effective way of managing combustible
waste, because it reduces the volume and mass of waste. Nevertheless, perilous
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emissions and detrimental process residues are among the drawbacks of incinera-
tion. Incineration causes fly and bottom ashes, and thus release leachable toxic
heavy metals, PCDD/Fs, and volatile organic compounds. Therefore, it is possible
to replace incinerators with gasifiers. Incinerators emit PCDD/Fs and their con-
centration often exceeds the legal limit, which calls for a different technology for
waste treatment. Gasification processes usually emit PCDD/Fs within acceptable
limits as determined by national and international organizations [35]. The amount
of pollutants in producer gas can be lower than that of the flue gas of an incinera-
tor [46], and it is because of partial oxidation of waste with limited oxygen supply
[47]. Gasification benefits from numerous advantages in comparison of traditional
waste combustion. It occurs in a low oxygen environment (where the equivalence
ratio varies between 0.25 to 0.50) which limits the formation of PCDD/Fs and large
amounts of SO, and NOy [48]. Gasification reduces the emission of acidic gases due
to higher temperatures and reduction conditions [49]. However, small amounts of
PCDD/Fs can result from deficient destruction of the PCDD/Fs present in the waste
itself or from the existence of organic chlorinated compounds in the reactor [50, 51].
It is evident that the mechanisms of dioxin formation and its related amounts to
producer gas correlate well with tar formation, and is therefore a relatively compa-
rable parameter for all gasifiers in which tar is partly converted to producer gas [52].
Zwart et al. scrutinized the formation of dioxin from refuse derived fuel (RDF),
sewage sludge, and untreated wood pellets gasification in an extensive range of
temperatures. The outcome revealed that the level of dioxins was very different in
terms of gasification temperature and feedstock quality (chlorine content). Their
conclusion was that high amounts of chlorine in the feedstock cause dioxin forma-
tion, especially at temperatures below 800°C. At temperatures above 800°C, dioxins
levels are drastically reduced, along with corresponding tar levels. At temperatures
above 850°C, the PCDD/Fs concentration in the producer gas was within the range
of 0.5 ng TEQ/Nm? for clean wood pellets and sewage sludge. However, PCDD/Fs
concentrations became lower in higher temperatures for RDF, it was still above the
allowed limit [52].

3. PCDD/Fsremoval

Assessing the environmental impacts of gasification know-how is vital to ensure
the practicality of the process. An occasional misconception that gasification plants
are only minor variations of incinerators is the cause of gasification processes to
still face environmental community resistance. One important distinction is that
gasification can be an intermediary process for the production of producer gasin a
broad range of applications. Utilizing syngas to generate on-site electrical and ther-
mal energy is the most dominant process in gasification, however, the production of
chemicals and fuel may be the ideal goal for the near future. Gasification contrib-
utes to air pollution control and make it less complex and costly compared to that
needed for incineration. Although cleaning exhaust gases from non-combustion
thermochemical conversion processes could be simpler than that of incineration,
proper design and emission control systems are critical to satisfy health and safety
requirements. Products of gasifiers must be controlled before discharging into the
air as they can comprise several air pollutants. These include particles, hydrocar-
bons, CO, tars, N,, SOy, and small amounts of PCDD/Fs.

Lonati et al. [53] evaluated the risk of human carcinogenicity owing to the
release of PCDD/Fs and Cd from a waste gasification plant using a probabilistic
method. Probability density functions were used to define emission rates and risk
model parameters of pollutants via Monte Carlo simulations. This gave a probability
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distribution estimation with involvement of epistemic uncertainty and aleatory
variability. The results showed that Cd emissions are much higher than PCDD/Fs
despite their higher toxicity. PCDD/Fs concentrations were well below the current
permissible limit of 0.1 ngTEQ m”. They indicated that 95% of carcinogenic risk is
due to Cd exposure.

To control greenhouse gas emissions from gasification processes different
strategies can be adapted, depending on plant configuration, the requirements of
specific energy conversion equipment or reactors and catalysts for downstream
fuel synthesis. In any case, there is the advantage that it can be possible to control
the air pollution of the reactor and the exhaust gas output in numerous cases using
a combined method [9]. Coal filters were the first dioxin-reducing technologies,
which were installed in the backend of an air pollution control system in many
wastes to energy plants, in the late 1980s.

Filters also helped to absorb other organic compounds and mercury, but their
bulky volume and probability of ignition were their pitfalls. For the sake of safety,
inorganic sorbents such as zeolites were used for monitoring and inertisation of CO
[54]. It was also found in the 1980s that oxidative catalysts have high degradation
potential for dioxins [55]. Those catalysts were initially operational at 300 to 350°C,
and then they were further developed to reach higher destruction efficiency of 99%
at temperatures of about 230°C [56].

The high operating temperature (> 1000°C) along with oxygen deficiency elimi-
nates any PCDD/Fs that may be present in the raw material and eradicates potential
formation of PCDD/Fs. Thus, operating the gasification process at high temperature
or maximizing the conversion of hydrocarbons that are being produced in pyrolysis
are possible approaches to reduce the formation of dioxins [57]. For example,
high-temperature gasification lowers dioxin formation when high-chlorine content
fuels are used [57]. Another effective and easily applicable measure is the rapid
cooling of the syngas by a water immersion that inhibits the synthesis of PCDD/Fs
[58]. The capture of PCDD/Fs by a special multi-step absorption filter is the most
effective method of removing dioxins from the residual burst stage and/or the gas
or cooling effluent, regardless of technology used. Volatile organic compounds such
as PCDD/F and other organics are effectively eliminated in the gaseous and liquid
phases due to the high temperature reactor and shock cooling [35, 59].

As an example, Andersson et al. who got inspired by Griffin’s theory [60] were
successful to lower the concentration of dioxins [61]. They increased the concen-
tration of SO, in the flue gas and adjusted the Cl/S ratio in a way that lowered the
concentration of dioxin to around 0.1 ng(TE)/ m? in the raw gas. As another exam-
ple, Parizek et al. applied the REMEDIA technology in a MSW incinerator, and they
varied the operational temperature from 180-260°C. They saw that the degradation
efficiency can be extended to 99-97% while dioxin emission can be lowered below
0.1ng. (TEQ)/m’ [62]. REMEDIA technology benefits from catalytic substrates
that are overlaid on a two-layer polytetrafluoroethylene (PTFE) membraned mate-
rial to filter and eliminate PCDD/F.

Off-gas cleaning system is vital for both incineration and gasification processes
in thermal waste treatment plants, as it keeps the amount of pollutants being
released into the environment lower than that legislated. PCDD/F can be cleaned
using DeNO,/DeDio, technologies such as sodium bicarbonate or PCDD/F removal
using catalytic filtration or adsorption materials such as activated carbon [63].

3.1 Catalytic filtration of PCDD/F

On the basis of applied applications it has been found that the method of dioxin
removal by catalytic filtration REMEDIA [64] is highly effective. A GORE-TEX is
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a special fabric filter bags usually used in catalytic filtration by which particles of
solid fly ash are well separated via instantaneous removal of dioxins in flue gases.
The filtration efficiency of the gas can be elevated to around 96.6% due to a PTFE-
type membrane used in the external filtration layer. This refined gas is then driven
inward the internal filtration layer comprised of catalytically active compounds
that can eliminate dioxins further to reach 98.8% efficiency. The external filtration
layer is periodically revived with the help of a usual pulse jet cleaning system. In
the gasification process, catalytic filtration is usually placed immediately after a
mechanical cleaning of the flue gases [65].

The Japanese government enforced the guideline of dioxin emission via Waste
Management and General Purification Act (WMGPA) in 1997. After this WMGPA
enforcement, the industrial sector was obliged to install catalytic reactors and
bag filters in the new facilities. Following this enforcement, not only the adjusted
values for the combustion temperature, the cooling temperature of the exhaust gas
from the furnace, and the CO concentration in the exhaust gas from the stack were
satisfactory at almost all facilities, but also the concentration of dioxin, acidic gases,
and NOx in the discharged gases was significantly lower than those made before
1997 [66].

3.2 Technology DeNO,/DeDio,

One proficient approach to remove Dioxin is to combine its catalytic degrada-
tion with selective reduction of NO, according to the following stoichiometric
equations [67]:

NO+4NH, +0, — 4N, +6H,0 1)

C,,H,Cl, .0, +(9+0.5n)0, —“—>(n-4)H,0+12CO, +(8—n)HCl (2)

In order to selectively reduce NOy, ammonia can be injected prior to the
catalytic reactor. Simultaneous removal of NOy and dioxins (DeNO,/DeDioy) can
be carried out in a catalytic reactor at 200 to 300°C [56]. Although the NO, and
dioxins removal via this method is a highly efficient process, catalyst poisoning
is one of the main detriments. In addition to mechanical and chemical clean-
ing, the reactor in this setup needs to be installed after dust removal from flue
gases (Figure 4). This means that re-heating of the flue gases to 200-300°C is
required [68].

Parizek et al. [69] analyzed the economical balance of catalytic filtration versus
DeNOx/DeDiox technology. They used a computer-based system for simulation
calculations making solution more approachable. The annual economic balance of
the operation of the catalytic filtration REMEDIA is composed of: cost of the filtra-
tion bags (for this study the guaranteed lifespan and real lifespan of the filtration
tube was 4 and 8 years, respectively), energy cost of the fan drive, cost required to
spray the flue gases before entering the filter. Also the annual economic balance of
the operation of DeNOx/DeDiox technology is composed of: catalyst costs (a 4-yar
life-time operation was considered), energy costs of the fan drive, and cost for
heating of flue gases. Results showed that the operating cost of the DeNOx/DeDiox
technology rises due to the reheating of flue gases to the required temperature of the
reaction and the cost was linked with the increased pressure drop. Catalytic filtra-
tion does not require heating of flue gases and the cost of the filtration bags falls due
to their real lifespan.
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Figure 4.
Scheme of DeNOx/DeDiox technology [69].

4. Experimental evidence of PCDD/Fs in gasification and reliable
mitigation

In an upcoming article [70] we will publish and extensive review of experimen-
tal measurements and evidence of PCDD/F emissions from gasifiers of various
types and sizes, varying operating conditions and feedstocks.

The main findings are:

* Although PCDD/F emissions from gasification are in general lower than those
from incinerators without modern emission control of the same feedstock it is
not correct to assume that PCDD/F emission from a gasifier will necessarily be
safe or below regulatory limits. PCCD/F can be produced in gasification above
safe and regulatory limits.

* The two main factors that can widely and reliably reduce PCCD/F emissions to
very low levels in gasification are

1. peak operating temperature (> 1000°C) in the combustion and cracking
zone together with oxygen deprivation

2.rapid cooling of syngas by for example a water quench which prevents de
novo synthesis

3.high amounts of chlorine in the feedstock cause dioxin formation, especially
at temperatures below 800°C. At temperatures above 800°C, dioxins levels
are drastically reduced.

5. Future work or guidelines

The main purpose of this chapter is to assist researchers in making primed
decisions when adopting waste management policies and conducting relevant
research and environmental impact studies. There is a need to establish more
information on PCCD/F formation in gasification by experimentation of different
feedstock when using different operational parameters and removal technologies;
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in order to be able to choose an appropriate PCCD/F mitigation method when
gasifying different waste streams.

6. Conclusions

Dioxin formation and emission from the incineration of waste have been
reduced in Europe and North America by either decommissioning plants or other-
wise installing of air pollution control systems [71-73]. However, given the severity
of the health impacts and continued unknowns (like emissions during start-up,
shut-down and other peak events) the topic continues to be of great public concern
both in Europe and North America [73-75] and the developing world [73, 76, 77].
Gasification can offer a substitute approach for waste treatment and energy genera-
tion that may indeed more consistently achieve lower toxic PCDD/F emission levels
compared to combustion.

All combustion processes can result in formation of PCDD/F at temperature
range of 200 to 600°C in case organic carbon, oxygen, and chlorine become acces-
sible. The formation of dioxins is effectively reduced due to the high temperature
reactor (in special cases >1000°C) and shock cooling of gases combined, with an
absence of available oxygen.
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Nomenclature

PCDDs Polychlorinated dibenzo-p-dioxins
PCDFs Polychlorinated dibenzofurans

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin
PCBs Polychlorinated biphenyls

TEF Toxic equivalence factor

TEQ Toxic equivalent

CPs Chlorophenols

CBs Chlorobenzenes

PAHs Polycyclic aromatic hydrocarbons

SOx Sulfur oxides

NOx Nitrogen oxides

DeNOx/DeDiox Removal of nitrogen oxides and dioxins
RDF Refuse derived fuel

MSW Municipal solid waste

WEEE Waste electrical and electronic equipment
PVC Polyvinyl chloride

BR Cogasified biofermenting residue
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iGCLC In-situ gasification chemical looping
GEK Gasifier’s experimenter’s kit

LHV Low heating value (MJ/m?®)

HHV High heating value (MJ/m’)

Author details

Seyedeh Masoumeh Safavi*, Christiaan Richter and Runar Unnthorsson
School of Engineering and Natural Sciences, University of Iceland, VR-II,
Hjardarhaga, Reykjavik, Iceland

*Address all correspondence to: seyedeh.m.safavi@gmail.com

IntechOpen

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

provided the original work is properly cited.

13



Gasification

References

[1] Chopra S, Jain A. A review of

fixed bed gasification systems for
biomass. Agric Eng Int CIGR Ejournal
2007;1X:1-23. doi:http://hdl.handle.
net/1813/10671.

[2] Demirbas AH, Demirbas I.
Importance of rural bioenergy for
developing countries. Energy Convers

Manag 2007;48:2386-2398. doi:10.1016/j.

enconman.2007.03.005.

[3] Pollex A, Ortwein A, Kaltschmitt M.
Thermo-chemical conversion of solid
biofuels. Biomass Convers Biorefinery
2012;2:21-39. doi:10.1007/
s13399-011-0025-z.

[4] Susastriawan AAP, Saptoadi H,
Purnomo. Small-scale downdraft
gasifiers for biomass gasification: A
review. Renew Sustain Energy Rev
2017;76:989-1003. doi:10.1016/].
rser.2017.03.112.

[5] Purohit P. Economic potential of
biomass gasification projects under
clean development mechanism in
India. J Clean Prod 2009;17:181-193.
doi:10.1016/jjclepro.2008.04.004.

[6] Basu P. Biomass gasification,
pyrolysis and torrefaction practical
design and theory. 2nd ed. Elsevier;
2013.

[7] Briesemeister L, Kremling M,
Fendt S, Spliethoff H. Air-Blown

Entrained-Flow Gasification of Biomass:

Influence of Operating Conditions
on Tar Generation. Energy and Fuels
2017;31:10924-10932. d0i:10.1021/acs.
energyfuels.7b01801.

[8] Knoef H, Ahrenfeldt J. Handbook
biomass gasification. BTG biomass
technology group; 2005.

[9] Arena U. Process and technological

aspects of municipal solid waste
gasification. A review. Waste Manag

14

2012;32:625-639. doi:10.1016/j.
wasman.2011.09.025.

[10] Mukherjee A, Debnath B,

Ghosh SK. A Review on Technologies
of Removal of Dioxins and Furans from
Incinerator Flue Gas. Procedia Environ
Sci 2016;35:528-540. doi:10.1016/j.
proenv.2016.07.037.

[11] Malkow T. Novel and innovative
pyrolysis and gasification
technologies for energy efficient

and environmentally sound MSW
disposal. Waste Manag 2004;24:53-79.
doi:10.1016/S0956-053X(03) 00038-2.

[12] Consonni S, Vigano F. Waste
gasification vs. conventional Waste-To-
Energy: A comparative evaluation of
two commercial technologies. Waste
Manag 2012;32:653-666. doi:10.1016/j.
wasman.2011.12.019.

[13] Altarawneh M, Dlugogorski BZ,
Kennedy EM, Mackie JC. Mechanisms
for formation , chlorination,
dechlorination and destruction of
polychlorinated dibenzo- p -dioxins
and dibenzofurans (PCDD/Fs). Prog
Energy Combust Sci 2009;35:245-274.
doi:10.1016/j.pecs.2008.12.001.

[14] Paladino O, Massabo M. Health risk
assessment as an approach to manage
an old landfill and to propose integrated
solid waste treatment: A case study in
Italy. Waste Manag 2017. doi:10.1016/j.
wasman.2017.07.021.

[15] Zhou H, Meng A, Long Y, Li Q,
Zhang Y. A review of dioxin-related
substances during municipal solid
waste incineration. Waste Manag
2015;36:106-118. doi:10.1016/j.
wasman.2014.11.011.

[16] Huang H, Buekens A. De novo
synthesis of polychlorinated dibenzo-
p-dioxins and dibenzofurans.
Proposal of a mechanistic scheme.



Dioxin and Furan Emissions from Gasification
DOI: http://dx.doi.org/10.5772/intechopen.95475

Sci Total Environ 1996. doi:10.1016/
S0048-9697(96)05330-2.

[17] Environment Agency (Japan),
Ministry of Health and Welfare (Japan).
Report on Tolerable Daily Intake (TDI)
of Dioxins and Related Compounds.
1999.

[18] Cunliffe AM, Williams PT. De-novo
formation of dioxins and furans and the
memory effect in waste incineration flue
gases 2009;29:739-748. doi:10.1016/j.
wasman.2008.04.004.

[19] Lavric ED, Konnov AA, De

Ruyck J. Dioxin levels in wood
combustion - A review. Biomass and
Bioenergy 2004;26:115-145. doi:10.1016/
S0961-9534(03)00104-1.

[20] Environment Australia. Incineration
and Dioxins Review of Formation
Processes A consultancy funded by
Environment Australia Department of
the Environment and Heritage 1999:42.

[21] Huang H, Buekens A. On the
mechanisms of dioxin formation
in combustion processes.
Chemosphere 1995;31:4099-4117.
doi:10.1016/0045-6535(95)80011-9.

[22] Martens D, Balta-Brouma K,
Brotsack R, Michalke B, Schramel P,
Klimm C, et al. Chemical impact of
uncontrolled solid waste combustion to

the vicinity of the Kouroupitos Ravine,
Crete, Greece 1998;36:2855-2866.

[23] Cheung WH, Lee VKC, McKay G.
Minimizing dioxin emissions from
integrated MSW thermal treatment.
Environ Sci Technol 2007;41:2001-2007.
doi:10.1021/es061989d.

[24] Psomopoulos CS, Bourka A,
Themelis NJ. Waste-to-energy: A review
of the status and benefits in USA. Waste
Manag 2009;29:1718-1724. doi:10.1016/].
wasman.2008.11.020.

[25] Stanmore BR. The formation
of dioxins in combustion

15

systems. Combust Flame
2004;136:398-427. doi:10.1016/j.
combustflame.2003.11.004.

[26] Zhang M, Buekens A, Li X.
Brominated flame retardants and the
formation of dioxins and furans

in fires and combustion. ] Hazard
Mater 2016;304:26-39. doi:10.1016/j.
jhazmat.2015.10.014.

[27] Environmental and Safety Services.
Incineration and Dioxins Review of
Formation Processes 1999:42.

[28] Dickson LC, Lenoir D, Hutzinger O.
Quantitative comparison of de novo and
precursor formation of polychlorinated
dibenzo-p-dioxins under simulated
municipal solid waste incinerator
postcombustion conditions. Environ Sci
Technol 1992;26:1822-1828. doi:10.1021/
es00033a017.

[29] Luijk R, Akkerman DM,

Slot P, Olie K, Kapteijn F. Mechanism
of formation of polychlorinated
dibenzo-p-dioxins and dibenzofurans
in the catalyzed combustion of carbon.
Environ Sci Technol 1994;28:312-321.
doi:10.1021/es00051a019.

[30] Tuppurainen K, Halonen I,
Ruokojarvi P, Tarhanen ], Ruuskanen J.
Formation of PCDDs and PCDFs in
municipal waste incineration and its
inhibition mechanisms: A review.
Chemosphere 1998;36:1493-1511.
doi:10.1016/S0045-6535(97)100438-0.

[31] McKay G. Dioxin characterisation,
formation and minimisation during
municipal solid waste (MSW)
incineration: review. Chem Eng
J2002;86:343-368. d0i:10.1016/
S$1385-8947(01)00228-5.

[32] Tame NW, Dlugogorski BZ,
Kennedy EM. Formation of dioxins
and furans during combustion of
treated wood. Prog Energy Combust
Sci 2007;33:384-408. doi:10.1016/j.
pecs.2007.01.001.



Gasification

[33] Ddwel. Simultaneous sampling of
PCDD/PCDF inside the combustion
chamber and on four boiler levels of

a waste incineration plant. A-to-Z
Guid to Thermodyn Heat Mass Transf
Fluids Eng 1990;C:1-3. doi:10.1615/
AtoZ.c.combustion_chamber.

[34] Walker. literature review of
formation and release of PCDD/Fs from
gas manufacturing 1997;35:1409-22.

[35] Lopes EJ, Okamura LA,
Yamamoto CI. FORMATION OF
DIOXINS AND FURANS DURING
MUNICIPAL SOLID WASTE
GASIFICATION. Brazilian ] Chem
Eng 2015;32:87-97. d0i:10.1590/0104-
6632.20150321s00003163.

[36] Baumgdrtel G. The Siemens
Thermal Waste Recycling Process - a
modern technology for converting
waste into usable products. ] Anal
Appl Pyrolysis 1993;27:15-23.
doi:10.1016/0165-2370(93)80019-V.

[37] Schubert R, Stahlberg R. Advanced
Continuous In-line Gasification and
Vitrification of Solid Waste. Sustain Dev
Int 1999;1:37-40.

[38] Sippula O, Lind T, Jokiniemi J.
Effects of chlorine and sulphur on
particle formation in wood combustion
performed in a laboratory scale reactor.
Fuel 2008;87:2425-2436. doi:10.1016/j.
fuel.2008.02.004.

[39] ChaggerH., Kendall A, McDonald A,
PourkashanianM,WilliamsA.Formation
of dioxins and other semi-volatile
organic compounds in biomass
combustion. Appl Energy 1998;60:101-
114. doi:10.1016/S0306-
2619(98)00020-8.

[40] Schatowitz B,

Brandt G, Gafner F, Schlumpf E,

Biihler R, Hasler P, et al. Dioxin emissions
from wood combustion. Chemosphere
1994;29:2005-2013.
doi:10.1016/0045-6535(94)90367-0.

16

[41] Salthammer T, Klipp H, Peek
R-D, Marutzky R. Formation of
polychlorinated dibenzo-p-dioxins
(PCDD) and polychlorinated
dibenzofurans (PCDF) during the
combustion of impregnated wood.
Chemosphere 1995;30:2051-2060.
d0i:10.1016/0045-6535(95)00083-K.

[42] Lind T, Kauppinen EI, Hokkinen ],
Jokiniemi JK, Orjala M, Aurela M, et al.
Effect of Chlorine and Sulfur on Fine
Particle Formation in Pilot-Scale CFBC
of Biomass. Energy & Fuels 2006;20:61-
68. doi:10.1021/e£050122i.

[43] Ferraz MCMA, Afonso SA V. Dioxin
Emission Factors for the Incineration of
Different Medical Waste Types. Environ
Contam Toxicol n.d. doi:10.1007/
s00244-022-2033-2.

[44] Wang ], Zhao H. Evaluation of
CaO-decorated Fe203/A1203 as an
oxygen carrier for in-situ gasification
chemical looping combustion of
plastic wastes. Fuel 2016. doi:10.1016/j.
fuel.2015.10.020.

[45] Tillman D. The combuston of solid
fuels and wastes. San Diego: Academic
Press Inc.; 1991.

[46] Panepinto D, Tedesco V, Brizio E,
Genon G. Environmental Performances
and Energy Efficiency for MSW
Gasification Treatment. Waste and
Biomass Valorization 2014;6:123-135.
doi:10.1007/s12649-014-9322-7.

[47] Thakare S, Nandi S. Study on
Potential of Gasification Technology for
Municipal Solid Waste (MSW) in Pune
City. Energy Procedia 2015;90:509-517.
doi:10.1016/j.egypro.2016.11.218.

[48] Klein A. Gasification: an alternative
process for energy recovery and disposal
of municipal solid wastes. New York
2002:1-50.

[49] Xu P, JinY, Cheng Y.
Thermodynamic Analysis of the



Dioxin and Furan Emissions from Gasification
DOI: http://dx.doi.org/10.5772/intechopen.95475

Gasification of Municipal Solid
Waste. Engineering 2017;3:416-422.
doi:10.1016/].ENG.2017.03.004.

[50] Seggiani M, Puccini M, Raggio G,
Vitolo S. Effect of sewage sludge content
on gas quality and solid residues
produced by cogasification in an updraft
gasifier. Waste Manag 2012;32:1826-
1834. dOi:lO.1016/j.wasman.2012.04.018.

[51] Werther ], Ogada T. Sewage sludge
combustion. Prog Energy Combust
Sci 1999;25:55-116. doi:10.1016/
S0360-1285(98)00020-3.

[52] Zwart RWR, Van der

Drift A, Bos A, Visser HJM,

Cieplik MK, Kénemann HW]J. Oil-based
gas washing-Flexible tar removal for
high-efficient production of clean heat
and power as well as sustainable fuels
and chemicals. Environ Prog Sustain
Energy 2009;28:324-335. d0i:10.1002/
ep.10383.

[53] Lonati G, Zanoni F. Probabilistic
health risk assessment of carcinogenic
emissions from a MSW gasification
plant. Environ Int 2012. doi:10.1016/j.
envint.2012.01.013.

[54] Dannecker W, Hemschemeier H.
Level of activated-coke technology
for flue gas dust collection behind
refuse destruction plants looking at
the problem from the special aspects
of dioxin separation. Organohalogen
Compd 1990.

[55] Hiraoka M, Takizawa Y, Masuda,
Takeshita R, Yagome K, Tanaka M,

et al. Investigation on generation of
dioxins and related compounds from
municipal incinerators in Japan.
Chemosphere 1987;16:1901-1906.
doi:10.1016/0045-6535(87)90185-8.

[56] Goemans M, Clarysse P,

Joanneés ], De Clercq P,

Lenaerts S, Matthys K, et al. Catalytic
NOx reduction with simultaneous
dioxin and furan oxidation.

17

Chemosphere 2003;50:489-497.
doi:10.1016/S0045-6535(02) 00554-4.

[57] Kaminska-Pietrzak N, Smoliniski A.
Selected Environmental Aspects of
Gasification and Co-Gasification of
Various Types of Waste. ] Sustain Min
2013;12:6-13. doi:10.7424/jsm130402.

[58] Diego Mauricio Yepes Maya,
Angie Lizeth Espinosa Sarmiento,
Cristina Aparecida Vilas Boas de
Sales Oliveira, Electo Eduardo Silva
Lora, RubenildoVieira Andrade.
Gasification of Municipal Solid Waste
for Power Generation in Brazil, a
Review of Available Technologies
and Their Environmental Benefits.

J Chem Chem Eng 2016;10:249-255.
doi:10.17265/1934-7375/2016.06.001.

[59] Kwak T-H, Lee S, Park J-W,

Maken S, Yoo YD, Lee S-H. Gasification
of municipal solid waste in a pilot

plant and its impact on environment.
Korean ] Chem Eng 2006;23:954-960.
doi:10.1007/s11814-006-0014-2.

[60] Griffin RD. A new theory of
dioxin formation in municipal

solid waste combustion.
Chemosphere 1986;15:1987-1990.
d0i:10.1016/0045-6535(86)90498-4.

[61] Andersson S, Karlsson M,
Hunsinger H. Sulphur recirculation for
lowcorrosion waste-to-energy. Int. Solid
Waste Assoc. World Congr., Hamburg:
2010.

[62] Parizek T, Bébar L, Stehlik P.
Persistent pollutants emission
abatement in waste-to-energy
systems. Clean Technol Environ
Policy 2008;10:147-153. d0i:10.1007/
s10098-007-0135-2.

[63] Kojima N, Mitomo A, Itaya,
Mori S, Yoshida S. Adsorption removal
of pollutants by active cokes produced
from sludge in the energy recycle
process of wastes. Waste Manag 2002.
doi:10.1016/S0956-053X(02) 00022-3.



Gasification

[64] Pranghofer G. FK. Destruction of
polychlorinated dibenzo-p-dioxins and
dibenzofurans on fabric filters: recent

experiences with catalytic filter system.

Recent Exp. with Catal. filter Syst.
3rd Int. Symp. Inciner. Flue Gas Treat.
Technol., Brussels, Belgium: 2001.

[65] Bonte JL, Fritsky KJ, Plinke MA,
Wilken M. Catalytic destruction

of PCDD/F in a fabric filter:
experience at a municipal waste
incinerator in Belgium. Waste
Manag 2002;22:421-426. doi:10.1016/
S0956-053X(02)00025-9.

[66] Inoue K, Yasuda K, Kawamoto K.
Report: Atmospheric pollutants
discharged from municipal solid
waste incineration and gasification-
melting facilities in Japan. Waste
Manag Res 2009;27:617-622.
doi:10.1177/0734242X08096530.

[67] Fino D., Russo N., Solaro S.,
Sarraco G., Comaro U., Bassetti A. SV.
Low temperature SCR catalysts for the
simultaneous destruction of NOx and
dioxins. 4th Eur. Congr. Chem. Eng.,
Granada, Spain: 2003.

[68] Dvorak R, Parizek T, Bébar L,
Stehlik P. Incineration and gasification
technologies completed with up-to-
date off-gas cleaning system for
meeting environmental limits. Clean
Technol Environ Policy 2009;11:95-105.
doi:10.1007/s10098-008-0170-7.

[69] Parizek T, Bebar L, Oral J,
Stehlik P. Emissions abatement in
Waste-to-Energy Systems. 17th Eur.
Symp. Comput. Aided Process Eng.,
2007, p. 1-6.

[70] Safavi SM, Richter C,
Unnthorsson R. A review of dioxin
formation in biomass gasification.
Submitted n.d.

[71] Quafl U, Fermann M, Broker G.

The European Dioxin Air Emission
Inventory Project - Final Results.

18

Chemosphere 2004;54:1319-1327.
doi:10.1016/S0045-6535(03) 00251-0.

[72] Nzihou A, Themelis NJ, Kemiha M,
Benhamou Y. Dioxin emissions from
municipal solid waste incinerators
(MSWIs) in France. Waste Manag
2012;32:2273-2277. d0i:10.1016/j.
wasman.2012.06.016.

[73] Dopico M, Gémez A. Review of

the current state and main sources of
dioxins around the world. ] Air Waste
Manag Assoc 2015;65:1033-1049. doi:10.
1080/10962247.2015.1058869.

[74] Abel Arkenbout. Hidden emissions :
A story from the Netherlands. 2018.

[75] Domingo JL, Marques M, Mari M,
Schuhmacher M. Adverse health effects
for populations living near waste
incinerators with special attention to
hazardous waste incinerators. A review
of the scientific literature. Environ

Res 2020;187:109631. do0i:10.1016/j.
envres.2020.109631.

[76] Rathna R, Varjani S, Nakkeeran E.
Recent developments and prospects
of dioxins and furans remediation. J
Environ Manage 2018;223:797-806.
doi:10.1016/jjenvman.2018.06.095.

(771 Zhang T, Fiedler H, Yu G,

Ochoa GS, Carroll WF, Gullett BK,

et al. Emissions of unintentional
persistent organic pollutants from open
burning of municipal solid waste from
developing countries. Chemosphere
2011;84:994-1001. doi:10.1016/j.
chemosphere.2011.04.070.



