
����������
�������

Citation: Safavi, A.; Richter, C.;

Unnthorsson, R. Dioxin Formation in

Biomass Gasification: A Review.

Energies 2022, 15, 700. https://

doi.org/10.3390/en15030700

Academic Editors: Andrea Di

linebreak Carlo, Enrico Bocci and

Vera Marcantonio

Received: 9 December 2021

Accepted: 10 January 2022

Published: 19 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Review

Dioxin Formation in Biomass Gasification: A Review
Aysan Safavi * , Christiaan Richter and Runar Unnthorsson

School of Engineering and Natural Sciences, University of Iceland, VR-II, Hjardarhaga 6, 107 Reykjavik, Iceland;
cpr@hi.is (C.R.); runson@hi.is (R.U.)
* Correspondence: sms36@hi.is

Abstract: The amount of PCDD/F emissions produced by gasification operations is often within
standard limits set by national and international laws (<0.1 ng TEQ/Nm3). However, a recent
assessment of the literature indicates that gasification cannot always reduce PCDD/Fs emissions to
acceptable levels, and thus a common belief on the replacement of incineration with gasification in
order to reduce PCDD/Fs emissions seems overly simplistic. A review that summarizes the evidence
on when gasification would likely result in environmentally benign emissions with PCDD/F below
legal limits, and when not, would be of scientific and practical interest. Moreover, there are no
reviews on dioxin formation in gasification. This review discusses the available data on the levels of
dioxins formed by gasifying different waste streams, such as municipal solid wastes, plastics, wood
waste, animal manure, and sewage sludge, from the existing experimental work. The PCDD/Fs
formation in gasification and the operational parameters that can be controlled during the process to
minimize PCDD/Fs formation are reviewed.

Keywords: biomass gasification; dibenzo-p-dioxins; dibenzofluorans; syngas

1. Introduction

Incineration of municipal solid waste (MSW) increased during the 1960s. The process
recovers energy from waste and decrease the areas required for landfilling. Nevertheless, it
contributes to the release of very toxic organic [1]. Incineration causes fly and bottom ashes,
which release leachable toxic heavy metals, polychlorinated diben-zo-p-dioxins (PCDDs)
and polychlorinated dibenzofluorans (PCDFs), and volatile organic compounds [2], espe-
cially for MSW incineration [3–5].

PCDD/Fs are a group of toxic by-products coming from thermal processes that have
serious carcinogenic and mutagenic effects [6,7]. After PCDD/Fs enter the atmosphere,
dioxins are deposited onto soil/plant surfaces. Most plants uptake soil-deposited dioxins.
Dioxins enter the animal food chain when animals consume these contaminated plants.
Therefore, food sources serve as a primary intake of dioxin in humans [8–10]. Therefore,
controlled measurement of PCDD/Fs emissions has received much attention as it is one
of the most important aspects affecting public acceptance. The release of PCDD/F from
incineration processes was first spotted in the late 1970s, and since then, researchers
have been evaluating the emission of this compound produced from a series of thermal
processes [11].

Due to their high toxicity, the dioxins emissions limit, determined by national and
international organizations, is 0.1 ng I-TEQm3, where I-TEQ (international toxic equiv-
alent) is a single figure resulting from the product of the concentration and individual
toxic equivalency factor values of each congener [12]. Incinerators emit PCDD/Fs and
their concentration often exceeds the legal limit, which calls for an alternative waste treat-
ment technology.

Waste gasification is a feasible alternative to incineration, tackles PCDD/Fs formation,
and improves energy efficiency, which found application in the late 1990s [13]. In a gasifier,
MSW, industrial waste, and biomass/wood [14], at 800 to 1400 ◦C in the presence of a
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gasifying agent (typically air, steam, nitrogen, carbon dioxide, oxygen, or a combination of
these), can be converted into producer gas (a mixture of H2, CO, etc.). Utilizing producer
gas to generate electrical and thermal energy is the most dominant process in gasification;
however, chemicals and liquid fuel may also be produced from the producer gas [15].
Residual carbon (mainly char), which results from incomplete conversion of the biomass,
can be utilized for soil enhancement [12].

The measured amount of PCDD/Fs originating from gasification processes is usually
within acceptable limits [16]. The producer gas can contain a lower amount of pollutants
compared to the pollutants coming from the flue gas of an incinerator [17] thanks to
fractional waste oxidation at high temperatures and a limited oxygen environment [18–20].
However, organic chlorinated compounds in the reactor and incomplete destruction of the
PCDD/Fs present in the waste itself can result in some amounts of PCDD/Fs [15,21,22].

This current study offers a more comprehensive picture of PCDD/F formation in
gasification. This review discusses the available data on the levels of dioxins formed by
gasifying different waste streams, such as municipal solid wastes, plastics, wood waste,
animal manure, and sewage sludge, from the existing experimental work. This article
highpoints the prospect of using gasification technology in order to reduce the emission of
PCDD/Fs to levels below regulatory or detection limits. We tried to cover all accessible
articles that have been published since 1990 and perform a thorough assessment to frame
this review, which is really missing in the field.

2. Dioxin Formation in Gasification

Assessing the environmental impacts of gasification technology is crucial to ensure the
feasibility of the process. The real challenge/concern is the formation of harmful chemicals,
especially PCDD/Fs. From the environmental perspective, it is the topmost priority to
reduce PCDD/Fs formation and increase their capture. The following industries are among
those producing high amounts of dioxins: plastic-coated wire incineration in which the
burning of Cu electrical wiring that is treated with chlorine-containing PVC could be a
driving force for dioxin formation. High-temperature and metal-containing processes, such
as the sintering of Fe ore taking place in the steel industry, melting the Cu ore, splicing of
electrical cables, and the process of reviving the catalyst in the petroleum refining industry,
are other examples [23].

An organic material, a chlorine source, and a metallic catalyst (such as Cu, Fe, etc.)
are the main ingredients for dioxin/furan formation. Dioxins form by the precursor
route via reactions between aromatic rings containing chlorine (chlorophenols (CPs) and
chlorobenzenes (CBs)) in the gas phase or by the de novo synthesis route in the post-
combustion zone (reactions between unburnt carbon and chlorine sources with metallic
catalysts) [24]. The temperature windows for the formation of PCDD/Fs are defined as
200–800 ◦C [5,25], where the reaction rate is maximized from 350 to 400 ◦C [26]. A detailed
explanation of the PCDD/Fs formation mechanism can be found in our previous study [24].
In combustion processes, a low combustion temperature, humidity, poor turbulence and
short residence time in the combustion zone, oxygen availability, and slow cooling process
of flue gas in the critical temperature range could be the reasons for the formation of
PCDD/F, as well as the presence of residual carbon, chloroaromatics, and polycyclic
aromatic hydrocarbons (PAHs) [1,12,27]. Humidity has been shown to influence the product
distribution more, driving it towards highly chlorinated congeners [27].

Halogens in the feed [28,29] and catalytic metals (Cu, Fe, Zn, etc.) [16] in fly ash boost
formation of PCDD/Fs are present in thermal processes [5,30]. Additionally, the reaction of
dioxins with chlorine and unburned carbon in the presence of these metals can contribute to
the de novo synthesis of PCDD/Fs and promote the formation of other organic chlorinated
compounds [16,31–33]. The catalytic effect of the metal ions facilitates the reaction of HCl
with O2 and release of Cl2 for chlorinating the aromatic rings that result in dioxin formation.
Copper halides, such as CuCl and CuCl2, are known to be strong catalyst, acting as both a
catalyst and chlorine source at once. These catalysts enhance the precursor route via the
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chlorination process, and the de novo synthesis route via chlorination of carbon as well as
oxidative breakdown of carbonaceous material [34].

Zhang et al. [35] considered the influence of temperature and extrinsic and intrinsic
oxygen on the formation of chloroaromatics, which are prerequisites for the synthesis of
PCDD/Fs. This study provides useful information when designing the syngas combustion
zone of gasification-combustion processes for MSW disposal. The results revealed that
at low temperatures, intrinsic oxygen affects inhibition of chloroaromatics formation. At
high temperatures, extrinsic oxygen had a strong inhibition effect on the formation of
chloroaromatics [35]. Studies have shown that Cl radicals can be transformed to HCl
over a designed homogeneous conversion, which inhibits PCDD/Fs formation in syngas.
Nevertheless, HCl can simultaneously be oxidized and regenerate Cl radicals during the
syngas combustion process. The presence of these radicals and hydrocarbon fragments
could be a key path for the formation of chloroaromatics via chlorination reactions under
an oxidative atmosphere. The results concluded that O2 has a considerable effect on the
formation of chloroaromatics, and this depends on the competition between oxidation and
chlorination [35].

Calcium-based chemical looping gasification is composed of an air reactor and gasifier.
The system uses calcium oxide (CaO) as a carrier between two reactors. The dioxin
precursors available in biomass are attacked by CaO via absorption and decomposition.
This hampers the PCDD/Fs formation. In addition, CaO could also absorb HCl and prevent
the formation of Cl2 from HCl [36–38]. The effectiveness of calcium-based chemical looping
gasification on dioxin emissions and from heavy metal contamination wastes was studied
by Cai et al. [39]. The results showed that the availability of steam and calcium-based
sorbent can minimize PCDD/Fs formation. The presence of catalytic metals in the process
is more effective in the synthesis of dioxin compared to chlorine and residual carbon.
The catalytic activity of metals is in the following order: Cu > Fe > Cr > Zn. Calcium-
based chemical looping gasification outcomes prove that the high H2 concentration in the
process stimulates HCl formation instead of CuCl2; thus, this is favorable in hampering the
formation of dioxins. At operating temperatures of 600 to 750 ◦C, the valences of Pb, Cr,
and Cu decreased; therefore, the process had a positive effect on the stabilization of heavy
metals [39].

The operational conditions of the process, such as high temperature, oxygen defi-
ciency along with maximizing the conversion of hydrocarbons that are being produced in
pyrolysis, are possible approaches to reduce the formation of PCDD/Fs in gasification as
compared to that of combustion [40]. The oxygen content in a gasification reactor is much
lower than the theoretical oxygen content required for fuel combustion, resulting in much
lower PCDD/Fs synthesis. Thus, the atmosphere of a gasification reactor is a reducing
atmosphere [41].

Zwart et al. [42] analyzed the dioxin formation from refuse-derived fuel (RDF), wood,
and sewage sludge gasification in a broad temperature range. The results showed that
dioxins levels were different to the gasification feedstock’s chlorine content and temperature.
High chlorine amounts in the feedstock caused dioxin formation, mainly at below 800 ◦C.
Above 800 ◦C, dioxins levels were significantly reduced, along with corresponding tar
levels [42]. The minimum concentration of dioxins set by most current European legislation
is 0.1 ngm3 expressed in I-TEQ units [43]. It can be concluded that high-temperature
gasification depresses dioxin PCDD/F formation when high-chlorine content fuels are
used [40]; however, PCDD/F is formed at high temperatures but under an insufficient
oxygen environment [44].

Another important effective measure is syngas rapid cooling by water immersion,
which impedes the synthesis of PCDD/Fs [45]. During wood gasification, dioxin com-
pounds remain on the surface and then are removed by fly ash particles [46]. This signifies
the importance of emission control measurements to successfully alleviate this part of the
PCDD/Fs emission in the producer gas. Utilizing high quality wood fuel, optimizing
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combustion conditions, and precipitating the fly ash at temperatures below 200 ◦C should
be taken into consideration [47].

Multi-step absorption filters are effective in removing dioxins from the gas or cooling
effluent [48–54]. Volatile organic compounds, such as dioxins and other organics, are
effectively eliminated in the gaseous and liquid phases due to the high-temperature reactor
and shock cooling [16,55].

The quality of char, and syngas produced from the gasification of solid wastes degrades
in the presence of chlorinated compounds and leads to dioxin formation. In gasification,
the majority of the chlorine content is captured as HCl and KCl into the syngas, but some
organic chlorinated compounds will be formed in oil/tar and char [56]. Gasification is
known to decrease corrosion and emission by preserving alkali and heavy metals (apart
from mercury and cadmium), sulfur, and chlorine in the process residues, impeding
PCDD/Fs formation and decreasing the formation of thermal NOx as a consequence of
lower temperatures and reducing conditions [57].

3. Overview of Experimental Measurements of Dioxin Formation Levels in Pyrolysis
and Gasification

A brief description of pyrolysis, gasification experiments, and reports on dioxin
formations is provided here and also in Table 1.

Figure 1 shows a summary of the dioxin measurements, based on different substrates
that have been gasified and the operational temperature, in the literature reviewed. The pie
charts show what feedstock and temperatures have been investigated with experimental
measurements and how often in relation to the presence of dioxin. Any publication that
reported sampling and analysis of PCDD/Fs and subsequently either detected PCDD/Fs
(which includes zero results) or did not detect any measurable level down to 0.1 ng-
TEQ/Nm3 is counted.
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Figure 1. Dioxin measurements, based on different substrates that have been gasified and the
operational temperature in the reviewed literature. Dioxin measurements from gasification of
different substrates in lab-, pilot-, and full-scale studies (papers from 1990–2021). The pie-charts
illustrate the number of times that researchers tried to measure dioxin for each substrate type (chart
on the right); and the number of times that dioxin was measured for each substrate. type gasified
based on the temperature. The total number of occurrences is greater than the number of articles
because several articles discuss more than one substrate type. The selections cover all the reports in
the literature measuring dioxin in gasification.
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Figure 2 indicates what conditions (temperatures or feedstock) more frequently result
in the presence of dioxin. For example, for MSW, the first measurement (light blue bar)
was done at 1400 ◦C and the corresponding measured dioxin is 0.0059. Clustered bar
charts are used to show how frequently an attempt was made to detect dioxin, how often
it was found, and how much was found. It is noted that RDF (RDF is industrial waste
with a high chlorine content) and textiles (waste with a high sulfur content coming from
vulcanized material) as feedstock generally result in relatively high dioxin levels, while the
gasification of plastics generally results in low dioxin levels independent of the gasification
temperature. Wood and paper waste as feedstock also typically result in relatively low
dioxin levels except in one report. Dioxin emissions from the gasification of MSW have
been the most frequently studied because its formation from MSW incineration has always
been the main concern. In particular, reports measuring dioxin formation over a wide range
of gasifier operating temperatures (600–1400 ◦C) exist for MSW. For RDF, however, dioxin
formation has only been studied for gasifiers operating around 800 ◦C. Studies on textiles,
hospital waste, animal waste, and wood and paper waste are relatively limited as well. It is
expected that dioxin formation decreases at higher temperatures as most of the literature
states. This is the case when the substrate is sewage sludge, but there is no difference in the
dioxin concentration at different temperatures when the feedstock is MSW or plastics.

Figure 3 illustrates the correlation of the amount of dioxins that was measured with
feedstock types and temperatures (process temperature). Since the reported dioxin lev-
els differ, a log plot was created to show the correlation. This figure shows that gasi-
fication does not necessarily result in PCDD/Fs formation below the acceptable limits
(<0.1 ng TEQ/Nm3). There are not enough studies measuring PCDD/Fs formation in gasi-
fication. It is evidenced, with the data gathered in this review, that there is a strong relation
between high temperature and less dioxins formation for almost all feedstock types. It
can be seen from the plot that the PCDD/Fs concentrations reported for RDF and textile
tend to be more than an order of magnitude higher compared to other feedstock because of
their high chlorine and sulfur content. Researchers [58,59] showed that a high-temperature
reactor and gas cooling, in the absence of oxygen, prevents PCDD/F formation by de novo
synthesis reactions [60]. Thus, this resulted in dioxin-free high-calorie gas production when
high chlorine level feedstock was used. Most of the chlorine in the waste was converted
to hydrogen chloride in the off gas [61]. When gasifying wastes, especially for MSW and
sewage sludge, with temperatures above 1000 ◦C, PCDD/Fs concentrations are within
acceptable limits.

The correlation of the amount of dioxins that was measured with feedstock types and
temperatures (process temperature) based on the type of gasification technology used is
shown in Figure 4. The effect of using gas cooling methods and high temperatures on
dioxin formation of different feedstock even for those with high chlorine contents (such
as RDF and plastics) is shown in Figure 5. Gas cooling suppressed dioxins emission to a
very low level. Experiments showed the regeneration of PCDD/Fs occurring during slow
gas cooling after high-temperature treatment [62]. The general trend in the field is that
dioxin concentrations decrease as temperature increases. The trend lines for each case may
not fit very tight, but the best fit lines always slope downwards, showing the correlation
between the PCDD/Fs concentrations and the temperatures. Figures 4 and 5 show a strong
correlation for MSW and sewage sludge with existing data. For other feedstock, it is not
possible to look for a trend as there are not enough studies and thus data available in
the literature.

For MSW, the most frequently studied feedstock, there is a correlation but also an
outlier at temperatures below 1000 ◦C. Researchers stated that they did not consider any
treatment (such as cooling methods) for the product gases, which could be the reason for
the dioxin concentration being above the standard limits [16].
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Figure 2. The bar chart on the top shows the temperature at which the dioxin was measured (A). The
bar chart at the bottom shows the dioxin concentration based on the feedstock used in the literature
(B). There is one cluster of bars for each substrate. Each one of these clusters has a few thin bars right
next to each other, meaning that every measurement reported has its own bar, even the ones that
measured zero dioxin or below the detection limit (empty space between bars). Since the measured
concentration of PCDD/Fs reported for different substrates varies a lot, the Y axis has to be broken
more than once. To make it easier for readers, the real values of measured PCDD/Fs were added on
top of some of the bars for which a higher amount of PCDD/Fs has been reported. The dashed black
lines are for ease of reading and separating the substrates from each other.
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ture. Data points that are Scheme 0 (ng-TEQ/Nm3) are those measurements with dioxin concentration
below the detection limit or zero dioxin. As it is not possible to put zero values on a logarithmic axis,
the red dashed line is the acceptable limit as determined by national and international organizations
(<0.1 ng TEQ/Nm3).

For sewage sludge as well as MSW, there are usually several parameters affecting
dioxin formation, but above 1000 ◦C, it is mainly the temperature that has the most domi-
nant effect. Studies [63,64] showed that that more than 99.9% of dioxins are decomposed
during MSW gasification and that most heavy metals are solidified when the temperature
is 1100 ◦C.

For RDF, which is the high chlorine content feedstock, there are only three data points
available. There are no data points for temperatures higher than 850 ◦C, and thus it is not
possible to talk about a trend here.

For plastics, there are several data points for high-temperature measurements but noth-
ing for low-temperature measurements in the existing literature. In the high-temperature
region, it seems a trend exists, but whether this trend extends into the low temperature
region is currently untested. Researchers studied the effect of chlorine content on dioxins
formation by mixing plastic waste with PVC (as PVC is high in chlorine) [61,65]. Results
showed that all PCDD/Fs concentrations were within the standard limits, which proves
the effect of the high-temperature treatment and the gas cooling [61,62,66].

For wood waste, there is one measurement that is above the limit. This measurement
was reported by the Energy research Centre of the Netherlands, who implemented an oil-
based gas washing (OLGA) process in a biomass gasifier in order to remove dioxins from
the product gas [42]. The dioxin concentration of the product gas was 0.5 ng TEQ/Nm3

where no OLGA was applied, while it was a factor 10 lower when the gas was purified using
the OLGA scrubber. Other measurements presented in the plot are within the acceptable
limit, thanks to rapid gas cooling [67].

For animal waste, very little data are available, one of which is hydrothermal gasi-
fication of chicken manure at 400 ◦C, where PCDDs and PCDFs were not detected [68].
The other study shows the result of cogasification of biofermenting residue (BR) at 1300 to
1400 ◦C. The dioxins emission was calculated to be 0.365 ± 0.23 ng-TEQ/Nm3, which is far
beyond the limits in the EU. This BR contains starch, fish meal, yeast powder, etc., and is
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identified as a hazardous waste according to the national hazardous wastes classification,
proposed by the Ministry of Environmental Protection of China [69].

Energies 2022, 15, x FOR PEER REVIEW 12 of 17 
 

 

 

Figure 4. The scatter chart shows the PCDD/Fs concentrations for each feedstock versus tempera-

ture. As the number of data points is not enough in the existing literature, it is not possible to say 

how temperature and PCDD/Fs concentrations correlate for any specific feedstock type, except for 

MSW, which are the most studied feedstock. Since there is only one study experimenting with textile 

and hospital waste, they are not included in this figure. 

Figure 4. The scatter chart shows the PCDD/Fs concentrations for each feedstock versus temperature.
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Figure 5. The scatter chart shows the PCDD/Fs concentrations for each feedstock versus temperature.
Since there is only one study experimenting with textile and hospital waste, they are not included
in this figure. The symbols show if any cooling methods/rapid cooling were used and whether
high-chlorine-level feedstock were used.

The formation of PCDD/F compounds in thermochemical processes is indeed the
outcome of a complex set of competing chemical reactions. Specific operating settings result
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in PCDD/F formation involving deficient combustion of fuel, the presence of a chlorine
source [45,70], oxidizing atmosphere between 10 and 15% oxygen in the cooling zone [71],
fly ash with degenerated graphical structures, fly ash surface acting as a carbon source,
temperature range between 250 and 450 ◦C, and the existence of catalytic metals such as
copper, iron, manganese, and zinc [72]. However, in gasification, these conditions are not
satisfied, or are less common or fleeting, and hence, the likelihood of detection of PCDD/Fs
compounds in the producer gas is low. The specific conditions by which the gasifier runs
the gasification process prevents the formation of free chlorine from HCl, thus confining
the chlorination of any species in the producer gas [73]. In conclusion, high temperature
and gas cooling are by the most effective parameters eliminating dioxins formation in
gasification even for feedstock with a chlorine content, while gasifier types play a less
important role in dioxin formation prevention as shown in Figures 4 and 5.

Table 1. Emission of dioxins from various combustion, pyrolysis, and gasification sources.

Technology Feedstock Reactor Type Temperature
(◦C)

PCDD/F
Emission

(ng-TEQ/Nm3)
Syngas Info. Note Ref.

Gasification MSW Moving grit
gasifier 877.82 0.28 -

dioxin concentration
below the allowed

value set by the
Brazilian legislation
(0.5), USA (0.1 to 0.3
for new plants and

0.3 to 0.8 for existing
plants), Canada (0.5).

[16]

Combustion

Different types
of wood chips

and waste
wood

Moving grate,
Grate burner,
Fluidized bed

Temperature is
not reported,

burners vary in
power from
500 kW to

10 MW

0.0027–9.57 -

Emissions from grate
burners when using
wood pellets goes

below allowed value.

[3]

Gasification Torrefied wood
pellet

Downdraft
GEK gasifier 850 Lower than the

limit - - [70]

Gasification
Sewage sludge

with wood
pellets

Fixed-bed
updraft 1010–1394 0.043 -

PCDD/Fs were
completely destroyed

at temperatures
above 600 ◦C.

[21]

Gasification MSW Thermoselect 1200–1600 0.03

CO 25–34%
H2 28–38%

HHV of syngas
varies from
10.88–14.65

MJ/Nm3

- [55]

Gasification MSW Fixed bed
Thermoselect 1200 0.03

CO 27–40%
H2 36–40%

Heating value
8–10.2

MJ/Nm3

- [74]

Pyrolysis and
combustion Animal wastes Horizontal

furnace 600–1100

The highest for
pyrolysis at
850 ◦C was
20.2 and for
combustion

was 43

- - [75]
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Table 1. Cont.

Technology Feedstock Reactor Type Temperature
(◦C)

PCDD/F
Emission

(ng-TEQ/Nm3)
Syngas Info. Note Ref.

Pyrolysis and
combustion

Cotton textile,
polyester

textile,
Polyvinyl

chloride (PVC),
sewage sludge,
waste lube oils,
meat and bone

meals, and
paper waste.

Batch
laboratory

scale
Horizontal

tubular reactor

850

Combustion:
14.8
14

4500
55
80
40
17

Pyrolysis:
-
-

215
81
-

21
-

-

Some
data is not present in

pyrolysis for
materials such as
polyester textiles,

waste lube oil, waste
paper.

[76]

Gasification Sewage sludge Fluidized bed 750–850

At 750 ◦C was
1.98 and at
850 ◦C was

0.38

CO 16.8%
H2 14.9%

CO2 13.5%
CH4 4.1%
N2 47%

- [58]

Gasification RDF Fluidized bed 725–820
At 725 ◦C was

74.2 and at
820 ◦C was 4.5

CO 12.1%
H2 7.1%

CO2 13.7%
CH4 6.4%
N2 53%

- [58]

Co-gasification Coal
and MSW Fluidized bed 600–950

In raw gas was
0.012.

In flue gas was
0.002.

In exhaust gas
was 0.005

CO 37%
H2 34%

CO2 25%
CH4 5%

Flue gases from the
same plant,
contained

0.03 ng-TEQ/Nm3

PCDD/F because of
the fraction of plastic
waste from sorting.

The PCDD/F stream
derived with the slag

during an hour is
equal to the stream of
these compounds in

the raw gas.

[66]

Gasification MSW Direct melting
system 1000

In flue gas was
0.0059–0.0082.
In fly ash was

0.18–0.037

LHV of syngas
MJ/m3 was

4.4–5.9
- [77]

Gasification Chicken
manure

Hydrothermal
gasification 200–400

PCDD/Fs
were not
detected

Without the
additive 0.1943

mmol H2,
0.2617 mmol
CO, 0.0244
mmol CO2,

0.0024 mmol
CH4

With the
additive the

yields of gasses
were

decreased.

The alkaline additive
Ca(OH)2 enhances
the reaction rate of
the hydrothermal
gasification at low

reaction temperature.

[68]

Gasification WEEE plastics - 1200 0.014–0.59 -

The allowed limit by
Japan legislation is

(0.1 to
0.5 ng-TEQ/Nm3).

[62]
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Table 1. Cont.

Technology Feedstock Reactor Type Temperature
(◦C)

PCDD/F
Emission

(ng-TEQ/Nm3)
Syngas Info. Note Ref.

Gasification Pelletized and
loose straw Fluidized bed 792–826 Small

negligible

For pelletized
straw

CO 13–14%
H2 17–18%

CO2 16–18%
CH4 3–4%
N2 49–50%

For loose straw
CO 14–17%

H2 8–9%
CO2 16–17%

CH4 5%
N2 51–54%

Higher amount of
tars in experiments

with loose straw.
PAHs were present in
large amounts in the
fly ash especially for

loose straw.

[67]

Gasification

Biofermenting
residue with
coal-water

slurry

Multicomponent
slurry pressure

gasifier
1300−1400 0.365

CO 43.7%
H2 34.2%

CO2 18.2%
CH4 0.3%

It meets the PCDD/F
concentration limit of

China
(0.5 ng-TEQ/Nm3)

but is far beyond the
limits in the EU.

[69]

Gasification Carpet and
textile waste

Plasma
gasification 1600 14.061

CO 11.7%
H2 8.1%

CO2 3.1%
CH4 1.1%
O2 1.1%

Presence of Cl
elevates dioxin

formation and the
gas cools down in

200 to 400 ◦C where
secondary dioxin
formation occurs.

[78]

Gasification
MSW

Plastic waste
PVC refuse

- 1000 0.0035–0.014 -

The measured values
were converted
assuming 12%

oxygen.

[65]

Gasification MSW

Drying,
pyrolysis,

gasification,
combustion,

and ash
vitrification
in one step

600–1200 0.076 - - [79]

Gasification Alfalfa stem - -

Total
chlorinated

dioxin
compounds

were
0.1–0.6 µg/kg

-

The concentrations
both in fly and

bottom ash were as
following: TCDD

was 0.1 µg/kg,
2, 3, 7,8

trichlorodioxyfuran
was 0.08 µg/kg

[80]

Gasification RDF and PVC - 600–1000 Lower than the
limits

CO 11.4%
H2 69.6%

CO2 13.5%
CH4 5.5%

Heating value
of 10.92

(MJ/m3)

- [59]
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Table 1. Cont.

Technology Feedstock Reactor Type Temperature
(◦C)

PCDD/F
Emission

(ng-TEQ/Nm3)
Syngas Info. Note Ref.

Gasification MSW

High
temperature
gasification

and smelting
system

1070 Less than 0.01
ng-TEQ/Nm3 -

Gasification and
smelting system with

O2 blowing and
drying waste, and
rapid gas cooling

system in
high-temperature

reduction
atmosphere are

effective for dioxin
removal.

[81]

Gasification Plastic waste
and PVC

Sumitomo
Metals

gasification
and smelting

system

1070 Less than 0.01
ng-TEQ/Nm3 - - [61]

Gasification Plastic waste
Chemical
looping

gasification
900

too small to
detect

by using
GC-MS

CO 21.9%
H2 12.7%
CO2 7.8%
CH4 5.9%
N2 50.7%

- [82]

Gasification Hospital waste

Drying,
pyrolysis,

gasification,
combustion,

and ash
vitrification
in one step

600–1200 0.0861 - - [83]

Gasification MSW
Industrial-

sized power
plant

1400

In clean fuel
gas was

0.00003 to
0.0059 and in
exhaust gas

was 0.0000082
to 0.0031

CO 15.6%
H2 11.9%

CO2 15.3%
CH4 1.1%
N2 55.1%
Heating
value of

3700 (kJ/m3 N)

- [84]

4. Conclusions

Dioxin formation/emission via combusting waste is of great public concern. Gasifica-
tion offers a sustainable substitute approach for waste treatment and energy generation.
Gasification is an environmentally friendly technology that enables operation within cur-
rent regulatory restrictions.

In the presence of organic carbon, oxygen, and chlorine, all combustion processes can
result in the formation of PCDD/F in the temperature range 200–800 ◦C. However, dioxins
formation is significantly reduced if a high-temperature reactor is used at above 800 ◦C and
shock cooling of gases is combined, without the presence of oxygen. Dioxin formation can
be reduced with the aid of high-temperature gasification even in the problematic case of
having fuels with a high content of chlorine.

PCDD/Fs formation in gasification has not been well investigated in the literature. In
this review, the levels of PCDD/Fs measured in emissions during gasification of wastes
were discussed. There are only few studies available in the literature considering and
measuring dioxin formation in waste gasification, and all were reviewed in this paper.

More research should be carried out regarding dioxin formation in gasification. Topics
could include:

• Gasification of wastes other than those mentioned in this review;
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• The inhibitors of dioxin formation in gasification, such as sulfur- or nitrogen-containing
agents.
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