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ABSTRACT: Gasification is an advanced thermochemical process
that converts carbonaceous feedstock into syngas, a mixture of
hydrogen, carbon monoxide, and other gases. However, the
presence of tar in syngas, which is composed of higher molecular
weight aromatic hydrocarbons, poses significant challenges for the
downstream utilization of syngas. This Review offers a
comprehensive overview of tar from gasification, encompassing
gasifier chemistry and configuration that notably impact tar
formation during gasification. It explores the concentration and
composition of tar in the syngas and the purity of syngas required
for the applications. Various tar removal methods are discussed,
including mechanical, chemical/catalytic, and plasma technologies.
The Review provides insights into the strengths, limitations, and
challenges associated with each tar removal method. It also highlights the importance of integrating multiple techniques to enhance
the tar removal efficiency and syngas quality. The selection of an appropriate tar removal strategy depends on factors such as tar
composition, gasifier operating and design factors, economic considerations, and the extent of purity required at the downstream
application. Future research should focus on developing cleaning strategies that consume less energy and cause a smaller
environmental impact.

1. INTRODUCTION
Gasification technology offers clean technological intervention
to offset fossil energy.1,2 It effectively transforms any carbon/
hydrogen-based solid matter3,4 into a combustible gaseous fuel
that contains CO, H2, and CH4 as the primary combustibles,
providing a fundamental advantage of product and feed stock
flexibility. The feedstock includes coal, biomass, waste
materials such as municipal solid waste (MSW), sewage
sludge, and other waste.3−13 It should be noted that due to the
anticipated 70% rapid increase in the global waste generation
between the year 2016 and 2050, gasification of waste
materials is becoming a key technology interest.10 Apart
from thermal applications, the product gas known as “syngas”
from gasification can be utilized in various applications, such as
fuelling an internal combustion (IC) engine,14,15 gas turbine,16

and integrated gasification combined cycle17−19 for power
generation; as a feed for Fischer−Tropsch/Alcohol synthesis
reactors, synthetic natural gas, and hydrogen; and in advanced
technologies like solid oxide fuel cells.15,19−26 Several reactor
configurations are available for gasification, including fixed bed,
fluidized bed, entrained bed, and others, each with specific
preferences for process conditions. By selecting the appropriate
reactor configuration, the required syngas composition and
conversion rates can be achieved to meet the specific needs of

a particular application. Although syngas can be used in various
applications, such as those mentioned earlier, one of the most
significant challenges associated with its production is the
presence of byproducts known as “tar”. These are condensable
higher-hydrocarbon compounds that are produced during the
gasification process. Compounds designated as tar can degrade
the downstream equipment and applications27 by methods as
simple as clogging the flow paths (as in IC engines and
turbines) to as critical as poisoning catalytic layers (as in fuel
cells and alcohol synthesis processes). As such, syngas must be
cleaned to the extent demanded by specific applications to
meet the tar permissible limits.28 It should also be noted that,
based on the nature of feedstock chemical composition, there
are other undesirable vapor-phase products such as halides,
ammonia, cyanide, etc.19 that can also affect the performance
of downstream applications as well as the syngas cleaning and
tar removal. A more comprehensive review on impurities other
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than tar can be found in the literature,29,30 while this Review
focuses mainly on tar compounds formed in the gasification
process.
It is important to note that tar formation forms a part of the

fundamental thermochemistry of gasification, and as such the
presence of tar in syngas is inevitable. The amount of tar in the
syngas is affected by both the gasifier configuration and the
operating conditions. Therefore, reducing tar in raw gas is a
key area of research and development in the gasification
process.31 Irrespective of the attempts to reduce the tar
content within the gasifier itself by in situ methods, the
literature reports the tar content in the raw syngas to be well
above the permissible limits posed by the applications.32−35

Hence, ex situ tar destruction or conversion, i.e., treating the
gas after coming out of the gasifier, becomes critical.36

Literature reports on the adoption of several methods of ex
situ tar destruction, such as the separation of tar compounds by
filters, electrostatic precipitators, and cooling the product
stream using scrubbers and spray towers.37 In recent times, raw
syngas cleaning has been attempted using plasma technology,
particularly by using nonthermal plasma or low-temperature
plasma, which is known for allowing thermodynamically
unfavorable chemical reactions even at ambient conditions
and thereby seems promising for energy-efficient chemical
conversion.3839−41 Nonthermal plasma is a soup of reactive
species, including electrons, ions, radicals, metastable, excited
neutrals, ground-state neutrals, and radiation. These species
can dissociate and further reform the stable compounds like
“tar” generated in gasification.
This Review provides a holistic review of gasification tar and

existing methods available to ensure that the product gas
contains tar in permissible limits so that the gas can be used in
applications without any issues. The Review is divided into
four sections. A brief introduction is presented in this section,
followed by a summary of gasification technology in section 2.
Section 3 provides a detailed discussion of the formation,
evolution, and nature of tar. Section 4 discusses the cleaning
technologies to remove or reduce tar in product gas.

2. GASIFICATION TECHNOLOGY
Gasification is a substochiometric thermochemical conversion
process carried out in a reactor termed as “gasifier” wherein
solid carbonaceous matter (CM) like biomass (∼C1.0H1.4O0.6),
coal (∼C11.0H1.0O1.4), municipal solid waste (MSW)
(∼C1 0 0H 2 5 0O 8 0N) , r e f u s e - d e r i v ed f u e l (RDF)
(∼CH1.569O0.541) etc., is converted predominantly to a gaseous
mixture of combustible compounds (H2, CO, and CH4),
incombustible compounds (CO2 and N2), a trace quantity of
condensable higher hydrocarbons known as “tar”, and
compounds like NH3, HCN, H2S, etc. Char and ash are the
solid-phase byproducts, and the exact composition of the gas
phase is process-specific with a dependence on the gasifying
media, i.e., air, oxygen, and/or oxygen−steam. Figure 1 shows
the routes of formation of these combustible products and
byproducts. It can be seen from Figure 1 that these compounds
or products are formed from the moisture, volatile matter, and
fixed carbon contents of CM, which go through various stages
of thermochemical conversion. Before the reactor/gasifier
configurations are discussed, the chemistry of gasification,
which is facilitated in different gasifier types, is discussed first.
2.1. Gasification Chemistry. For the sake of explaining

the gasification chemistry, consider a reactor/downdraft
gasifier, i.e., a vertical cylinder where the flow direction of

both product gas and carbonaceous matter (CM) is downward,
as can be seen in Figure 2a. The CM is fed into the reactor
from the top, which forms a bed in the reactor. The feed rate
and the bed height are governed by the gasifier geometry. The
gasifying media42−45 (air, steam, and oxygen) are supplied at
various heights of the reactor far from the top, where the solid
feed is initially ignited. Typically, air is used as the gasifying
medium. Concurrently, research is also being reported on the
use of a mixture of steam and oxygen (oxygen−steam
gasification),46−48 and oxygen-enriched air49−52 as gasifying
media. Chemical looping gasification is another novel approach
that replaces the gasifying gas medium with oxygen-carrying
solids acting as intermediary materials in chemical reactions by
releasing or capture the lattice oxygen.53−56 The supply of
gasifying media to the gasifier creates a combustion zone
locally. With the local availability of a continuous supply of
oxidizing media, this zone facilitates the combustion of CM.
The flame sets up a temperature gradient across the bed
height, marking different zones without any distinct separation
as (1) drying, (2) pyrolysis, (3) oxidation, and (4) reduction.
The temperature profile along the height of a gasifier plays a

crucial role in determining the nature of the chemical reactions
or processes that occur in each zone. Different temperature
zones within the gasifier are required to achieve specific
reactions, and the temperature profile must be carefully
controlled to optimize the gasification process. (1) In the
drying zone, which is typically seen near the CM feed ports,
the temperature can go up to about 473 K, and the feed
material mostly loses moisture in this zone.57 (2) Once the
temperature of CM reaches 623−673 K, the release of volatiles
begins, and simultaneously, over a certain residence time, CM
becomes transformed into char. (3) The released volatiles
undergo subsequent reactions downstream, controlled by the
local bed temperature and availability of gasifying medium, and

Figure 1. Route map of biomass and wastewater conversion into
products through gasification.
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form primary oxygenates and gases like CO, CO2, and H2O
wherever combustion is favored. (4) These products further
react with the hot char to generate noncondensable gases, and
simultaneously the gases react among themselves through
reforming and shift reactions, generating CO, CO2, H2, CH4,

and complex polymerized compounds. The reactions favored
in the presence of hot char “C” are gasification reactions, which
are represented as reactions R1−R3. The Reactions R1 and R2
are considered principal gasification reactions, which are
endothermic.

Figure 2. Gasifier configurations: (a) downdraft, (b) updraft, and (c) fluidized bed gasifier. (d) Picture of condensed tar stuck to the downstream
component of a gasifier at Indian Institute of Science.

Table 1. Product Gas Composition in Different Oxidizing Media

gas composition (vol %)

feed

oxidizing/
gasifying
medium ER SBR H2 CO CO2 CH4 N2 C2H4

LHV (MJ/
Nm3) ref

fixed bed gasifiers
biomass pellet
wood

air 9−10 12−15 14−17 2−4 56−59 3−6 58

dry casuarina
wood

oxygen +
steam

0.18 1 45−51 13−25 15−28 1−4 0 7−10 31,
57

pellet wood oxygen +
steam

0.3 2.5 52 13 32 3 0 8.3 47

rice straw air 6 10 63 14 3 5.62 59
palm oil wastes steam 0.5−2 35−60 12−33 14−26 3−12 2 9−14 60
olive kernel air 0.14 20−30 15−20 40−55 10−12 9−10.4 61
RDF air 7.17 19.71 14.45 1.76 3.9 62
sewage sludge +
woody
biomass

air 4.5 15 17 1.5 1−2 5.5 63

sewage sludge +
residue from
hydrolysis

air 0.2−0.3 11.6 16.7 17.6 5.94 6.42 64

fluidized bed gasifiers
pellet wood steam/air 0.8 9−38 15−32 16−17 4−14 0−53 3.5−14.4 65,

66
empty fruit
bunch

air 0.2−0.4 10.27−38 22−36.4 10−65 6−15 8−16 67

pine sawdust oxygen +
steam/
steam

0.2 1.6−2.7 21−39 15−43 15−25 5−7 7.4−9 68,
69

silica sand air 0.4 7−8.2 24−31 59−63 4−5 1.6−1.9 70
empty fruit
bunch

air 0.15 18.4−27.4 32−45 17−36 10−12 12.4−15.4 67

bamboo air 0.4 3.2−9.1 21.4−32 60−80 70
sewage sludge +
coal

air 7−27 9−11 12−15 1−4 46.19 2−6 71,
72

pine chips +
coal

air/steam 13.05 16.81 8.39 1.63 59.13 4.29 73

MSW + pine
dust

air 0.5−0.2 9−11 17−19 15−19 4−6 5.3 74

MSW +
switchgrass

air 10 14.1 15−18 2−4 6.7 75

beechwood +
polyethylene

steam 37.1 23.6 8.7 76

entrained flow gasifiers
pellet wood air 0.28 7.6 26 10 3.3 52 1.1 6 77
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+ =HC CO 2CO 172.82 kJ/molr2
0

(R1)

+ + =HC H O CO H 175.3 kJ/molr2 2
0

(R2)

+ =HC 2H CH 74.8 kJ/molr2 4
0

(R3)

It is important to note that the endothermic reactions in a
gasifier are supported by heat generated in the combustion
zone. The heat generated in the combustion zone provides the
energy necessary to drive the gasification reactions and sustain
the gasification process. Hence, gasification is fundamentally an
autothermal process. It should be noted that the tar formation
is a persistent byproduct of gasification, which evolves during
the pyrolysis stage as primary oxygenates and matures into
aromatic hydrocarbons that react with other gases and
moisture as described earlier. Reaction R4 shows the water
gas shift reaction, and reaction R5 shows the global gasification
reaction.

+ + =HCO H O CO H 41.2 kJ/molr2 2 2
0

(R4)

+ + + + +
+ + + + + +

+ +

Carbonaceous matter O H O N CO H CO

CH H O other hydrocarbons tar ash char

inorganics (NH , HCl, COS, H S) other gases

2 2 2 2 2

4 2

3 2 (R5)

2.2. Gasifier Configurations. Configuration of gasifiers
can be broadly classified into three types, namely, fixed bed,
fluidized bed, and entrained flow. In fixed bed gasifiers like the
one mentioned in section 2.1, the feed CM is fed at the top,
creating a bed of CM that is supported on a grate/screw
system placed at the bottom of the gasifier. The feed CM
moves with the plug profile during the gasification process,
facilitated by the moving grate/screw system. Updraft and
downdraft fixed bed systems are the most commonly seen, as
shown in Figure 2a and b, respectively. In downdraft systems,
the feed and gas move cocurrently, and the product gas leaves
from the bottom of the reactor, passing through the zone near
the grate of fire. In updraft systems, the movement of feed is
countercurrent to the gas, with product gas leaving from the
top. It should be noted that because of the exit of product gas
at the top, the combustion and reduction zones are swapped,
with the bottom-most zone being the combustion zone in the
updraft, unlike the reduction zone in the downdraft gasifier.
Figure 2c shows fluidized bed gasifiers, wherein the feed
particles are suspended in the gasifying medium, resulting in
the bed acting like a fluid. Thorough mixing between the
gasifying medium and feed results in a uniform temperature
profile and facilitates the gasification chemistry. Hot inert
solids, such as sand, limestone, dolomite, etc., are suspended in
contact with the CM feed to support drying and pyrolysis. In
entrained flow gasifiers, the gas and the feed (mostly coal) are
fed together (cocurrent) at a very high velocity into the reactor
from the side or top. Sometimes, entrained flow gasifiers can
be viewed as plug flow reactors having CM and a gasifying
medium as inputs at one end and the product gas at the other
end. Oxygen is the most used gasifying medium, and the
combustion can happen right at the entry point on one end;
the typical composition of the product gas and its energy value
expected from these gasifier configurations in the presence of
various gasifying media are consolidated and reported in Table
1. The influence of the factors shown in Table 1, such as feed

stock, gasifying medium, and temperature, is discussed in detail
in section 3.2.

3. TAR FROM GASIFICATION
As mentioned earlier, tar from gasification is a persistent
byproduct that is neither in large amounts for beneficial use
nor small enough amounts to be ignored.42 The tar consists of
a mixture of compounds that are largely aromatic, having
molecular weights heavier than that of benzene.78 Tar
compounds form fine droplets of size <1 μm like a mist and
can agglomerate into large droplets that can condense over a
wide range of temperatures, much higher than the ambient
temperature. They also are known to coat the solid particles78

and stick to the surfaces, causing fouling, corrosion, and
blockage in downstream passages and equipment. Figure 2d
shows a picture of condensed tar sticking to the flange surface,
having a typical appearance, i.e., thick, viscous liquid-brownish
to deep black color;78 tar is also known to have a pungent
smell.78 Regardless of the amount and composition of the tar
formed, handling it is a universal challenge of gasification
systems.79 The concentration and composition of tar formed
are strongly dependent on various factors such as (1)
temperature, (2) gasifier design (downdraft/updraft/fluidized
bed), (3) gasification medium, (4) feed stock, (5) residence
time, and (6) pressure.33 Hence, the effect of these factors on
tar formation has been studied by various researchers over
many decades.80−93 While few researchers have focused on
developing new approaches to quantify tar formation, others
have attempted to compare available methods to identify and
quantifying the tar formed from gasification,94−100 which itself
is very complex and tricky.
3.1. Classification of Tar. Researchers have classified or

grouped tar compounds in many ways.58 One way is to classify
the tar compounds into primary, secondary, and tertiary
classes58 based on the functional group(s) that make up the
tar. Figure 3 shows the functional groups of the tar compounds

that represent one of these three classes. As can be seen in
Figure 3, the classification is based on the temperature gradient
in the gasifier bed (presence of thermal or partial-oxidation
regimes in the gasifier58), due to which the released oxygenates
go through various reactions such as chemolysis, depolymeri-
zation, oxidation, polymerization, and cycloaddition,31 evolving
into polynuclear aromatic hydrocarbons (PAHs).58 Based on
the residence time available in distinct temperature zones/

Figure 3. Maturation and temperature ranges of tar classes.
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regimes, the proportion/presence of these three classes of tar
will vary, spanning over a range of temperatures.101 The tar
maturation is well connected to the gasifier zones presented in
section 2.2.
In another way, tar is classified into five classes distinguish-

ing different properties of tar compounds such as molecular
weight, condensation behavior and water solubility/polarity,31

as shown in Table 2.31,102 Figure 4 shows that the dew point of

tar compounds belongs to either of these five classes. It is
interesting to note that, excluding class 1, the dew point of the
tar compounds of classes 2−5 varies with the concentration of
the individual class of tar compounds, as shown in Figure 4.
The importance of the dew point at a given concentration of
these tar class compounds will be emphasized in the discussion
presented in section 3.3.
3.2. Concentration and Composition of Tar. Tar

concentration is generally expressed in terms of the total
mass of tar compounds present in a unit volume of the product
stream, i.e., g/Nm3 or mg/Nm3. Sometimes it is also expressed
as a mass fraction of the dry CM feed or as ppm, as mentioned
earlier; the amount/concentration/yield of tar depends on
several factors, out of which the choice of gasifier type
inherently decides the tar yield. Factors/operating conditions
such as feed, gasification temperature, gasification agent,
residence time, equivalence ratio, steam-to-biomass ratio, and
pressure can also affect tar yield and composition. It is to be
noted that there is no single factor independently affecting the
evolution of tar, but all of these factors are highly coupled with
one another. The composition and yield of tar are based on the
combination of the operating conditions of these factors. Table

S1 of the Supporting Information shows typical tar levels
reported in the literature for various operating conditions.

3.2.1. Gasifier Type. Figure 5 shows a box plot of tar
concentrations reported in the literature for various gasifier

types, and Table 3 compares the minima/maxima reported in
Figure 5 with the typical tar levels reported in literature.31 As
can be observed from Figure 5 and Table 3, the downdraft
gasifier gives a low tar yield, as the product gas stream exits the
gasifier through a temperature zone favoring tar cracking.
Although typical residence time is not reported as such in the
literature, an increase in residence time reduces the primary
and secondary tar content, with a slight increase in the amount
of PAHs (>3 rings). However, a down-draft gasifier is
appropriate for smaller units limited to a thermal input of 10
MWth. This is equivalent to 2.4 tonnes/h of feed having a
lower calorific value (LCV) of 15 MJ/kg. Thus, for larger feed
operations, using a fluidized bed is necessary to achieve
uniform temperature distribution over the bed; handling large
amounts of tar becomes necessary.

3.2.2. Gasification Temperature. Gasification temperature
is another important factor that is inversely related to the tar

Table 2. Tar Compound Classification Is Based on Solubility, Condensability, And Chemical Composition

tar
class class name property representative compounds

1 gas chromatography (GC)-
undetectable

very heavy tars cannot be detected by GC subtracting GC-detectable tar from total
gravimetric tar

2 heterocyclic aromatics heteroatoms, highly water-soluble compounds pyridine, phenol, cresols, quinoline
3 light aromatic (1 ring) usually, a light HC with a single ring does not pose a problem regarding

condensability and solubility
toluene, ethylbenzene, xylenes, styrene

4 light PAH (2−3 rings) two- and three-ring compounds condense at low temperatures, even at very
low concentrations

indene, naphthalene, biphenyl, fluorene,
anthracene

5 heavy PAH (4−7 rings) larger than three-ring, these components condense at high temperatures at
low concentrations

fluoranthene, pyrene, chrysene, perylene,
coronene

Figure 4. Tar concentration of different classes as a function of dew
point temperatures: class 2 (□), class 3 (▲), class 4 (●), and class 5
(◆).

Figure 5. Box plot of tar concentrations for the various gasifier types.

Table 3. Tar Formation Expected in a Range from Various
Gasifier Types

tar yield (g/m3)

ref fixed bed, updraft fixed bed, downdraft fluidized bed

31 10−150 0.01−0.5 5−40
Table S1 1−132.4 0.04−32.3 0.01−180
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yield. That is, higher gasification temperatures yield low tar.
However, at high gasification temperatures, i.e., above 1123 K,
the formation of class 4 and class 5 tar compounds is known to
dominate, as shown in Table 2.103 The literature suggests that,
for a fluidized bed gasifier, increasing the gasification
temperature from 1023 to 1053 K reduces the tar yield from
180 to 40 g/Nm3 in the presence of steam as the gasifying
medium.104 However, to achieve considerable carbon con-
version in the process, at least 1023 K is required irrespective
of the values of the other operating parameters. It should also
be noted that, as can be seen in Figure 2a and b, the product
gas exits by passing the combustion zone, while in an updraft
system the gas passes through the drying zone. Because of this,
the tar cracking reactions occur in the product gas before the
exit in the downdraft system, which reduces the tar content. In
general, assuming other operating conditions are the same, the
tar yield will be less in the downdraft system than in the
updraft system. Typically, the gasifier temperature varies in the
range of 500−1150 K in the literature data summarized in
Table S1.

3.2.3. Feed Type. Figure 6 shows the effect of wood, waste
(RDF/MSW), and agroresidue on the tar concentration for air

as a gasifying medium. As can be seen, the median tar
concentration is high for waste compared to that of wood or
agroresidue within the gasifier type and is higher for a fluidized
bed than for downdraft gasification of waste. Figure 7 shows
the effect of the feed CM, gasification temperature, and other
parameters, including the tar content. In the case of agrofuels
and RDF, gasification temperatures are restricted to the lower
range (below 1173 K) to avoid sintering issues. This optimal
gasification temperature range, as shown in Figure 7, is also
reported in various literature works.103,105 Even though higher
gasification temperature reduces tar content, allowing longer
residence time for cracking reactions will compromise the gas
heating value and risk a rapid increase in the formation of
three- or four-ring PAHs.103 Typically, the cellulose and
hemicellulose contents of the biomass are associated with the
gas yield, and lignin is associated with the tar yield. High
amounts of lignin lead to high tar yield.106 Based on Table 1
and from the literature,106 there is no trend observed for the
effect of biomass type on the tar content, which is reported to

be more affected by other factors such as reactor type and
operating conditions, including gasification temperature, gas-
ifying medium, etc., then the biomass type.106 Experimental
conditions should be fixed to confirm this observation further,
and only the biomass type should be varied.

3.2.4. Gasifying Medium. Typically, a low equivalence ratio
is maintained in the gasification zone to avoid lowering the gas
heating value. However, the availability of oxygen for volatiles
can stop the maturation of primary tars over time, thereby
reducing the tar content (the equivalence ratio (φ, ER) is a
parameter used in combustion engineering to describe the
ratio of the actual fuel/air ratio to the stoichiometric fuel/air
ratio required for complete combustion of a fuel). At higher
ER, formation of PAHs (four- or five-ring) is known to
increase.33 This effect of the equivalence ratio becomes
significant at a very high gasification temperature. The effect
of oxygen on reducing the tar content can also be realized by
using steam as a gasifying medium. However, careful selection
of the steam to biomass ratio is important to avoid
compromising on gas quality.33 The addition of oxygen to
steam (oxygen−steam) further reduces the tar yield to the
lowest value. For a biomass−RDF mix, Catarina et al.107

observed very little effect of the ER on tar composition at a
gasification temperature of 800 °C, an expected behavior since
the main tar components are already PAHs; this observation is
opposite that of Mastellone et al.108 It should be noted that the
presence of these PAHs makes the tar more toxic due to its
hydrophobic, persistent, and genotoxic nature.
The typical (expected) compositions of tar compounds from

the gasification process are shown in Table 4.33 It is evident
from the data that 85% of tar composition by weight consists
of class 2, 3, and 4 tar compounds, and 66% of total tar
composition is made up of specific compounds, namely,
benzene, phenol, toluene, and naphthalene, out of which nearly
40% is benzene. It should be noted that though benzene is not
classified as a tar compound, it is detected, quantified, and
reported in the literature.109−117

3.3. Permissible Tar Limits in Syngas for Various
Applications. It can be seen from Figure 4 that the dew point
at which the tar compounds of a particular class condense

Figure 6. Box plot showing the effect of wood, waste (RDF/MSW),
and agroresidue on the tar concentration for air as a gasifying
medium.

Figure 7. Typical gasification temperature for various feedstocks and
its influence on a few parameters.
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varies with the concentration. This means that a tar compound
of class 2, as defined in Table 2, condenses at ≈323 K if it is
concentration is about 1 mg/Nm3; however, if the same class
compound is present in a large concentration, which is about
10000 mg/Nm3, it will start to condense even at temperatures
>373 K. Hence, understanding the dew points of different tar
classes at different concentration is important to decide the
amount of cleaning required to achieve the desired gas quality.
This means that by reducing the concentration of tar in the
product gas, the temperature at which they condense, i.e., the
dew point of the tar compound, is lowered. If the dew point is
lowered below the operating temperature of the application or
preferably much below the ambient temperature, the
condensation of tar leading to clogging can be avoided.
It can be inferred from Figure 4 that the class 5 tar

compounds such as pyrene, i.e., heavy PAHs, are very critical in
cleaning, as they can condense at a very high temperature, i.e.,
> 423 K, even if they are present in small concentrations of
about 0.1 mg/Nm3. It is also to be noted that these heavy
PAHs are the precursors of soot.58 On the other hand, class 3
compounds, which are light aromatics such as benzene and
toluene, seem to not condense at ambient temperatures and
higher, even if their concentration is as high as about 10000
mg/Nm3. However, removing these compounds is neces-
sary,102 since BTEX (benzene, toluene, ethylbenzene, and
xylene) compounds are classified as priority pollutants and are
considered as inhibitory compounds in FT synthesis.78 Based
on Table 4 and Figure 4, compounds that represent 33% of the
tar formed can condense between 323 and 573 K if their
concentration exceeds 1 mg/Nm3.
Figure 8 shows the tolerance level of tar concentration for

several applications,19 which implies that a higher gas purity
level is required moving from applications such as IC engines
(tar permissible limit of 100 mg/Nm3) to FT/methanol
synthesis (tar permissible limit of 0.1 mg/Nm3).

4. TAR DESTRUCTION/REMOVAL: EXISTING
TECHNOLOGIES

Measures for abatement or mitigation of tar can be broadly
classified into primary (within the gasifier, in situ) and
secondary (outside the gasifier, ex-situ).27,36 Even though
primary measures are the ideal approach for tar mitigation, it
may not always be possible to completely achieve the desired
tar levels for applications, as shown in Figure 8, without
negatively impacting the quality of the gas, leading to a

decrease in cold gas efficiency. In some cases, this may also
result in complex gasifier construction, and achieving low tar
levels might require a trade-off between gas quality and cold
gas efficiency. Hence, a combination of in situ and ex situ
measures is very effective to meet the gas purity standards. The
following section will discuss the secondary measures for gas
cleaning, which can be further classified into (1) physical or
mechanical methods, (2) chemical methods, and (3) non-
thermal plasma methods.

1. Physical or mechanical methods involve the separation
of tar compounds from the product gas and are used
either directly on raw gas coming at a temperature >673
K (hot gas cleaning) or after cooling the raw gas to a
temperature between 293 and 333 K (wet gas
cleaning).36 Hot gas cleaning prevents loss of heating
value of the gas with minimal byproduct formation,
whereas cold gas cleaning systems are much cheaper and
effective with the loss of sensible heat.31

2. Chemical methods involve the reformation or cracking
of the tar compounds into useful gaseous compounds
using a catalyst, heat, and/or steam.118

3. Nonthermal plasma methods involve technology ap-
proaches like thermal/catalytic cracking, where instead
of physical separation of unwanted compounds from the
gas stream, cracking or reforming of condensable vapors
to noncondensable gases is carried out.119−128

4.1. Mechanical or Physical Gas Cleaning Systems.
Table 5 shows various hot and wet gas cleaning equipment
whose working principles and other details are available in the
literature.36,78,102,129−133 Though physical cleaning systems are
designed primarily to capture particulate matter from the
product gas, they are also efficient for tar removal. This is
possible because tars, while condensing at temperatures below

Table 4. Typical Tar Composition from Gasificationa

tar compound typical composition by weight (%) tar class

benzene 37.9 3
toluene 14.3 3
other one-ring aromatic HC 13.9 3
naphthalene 9.6 4
other two-ring aromatic HC 7.8 4
three-ring aromatic HC 3.6 4
four-ring aromatic HC 0.8 5
phenolic 4.6 2
heterocyclic 6.5 2
others 1
aNote: benzene is not usually classified as a tar compound, and only
compounds having a molecular weight greater than that of benzene
are considered as tar. Statistical information was not found, and only
typical values were available in the literature.

Figure 8. Tar tolerance limits for downstream applications of a
gasifier.

Table 5. Mechanical/Physical Gas Cleaning Systems

method equipment

hot or dry
gas
cleaning

cyclone, rotating particle separators (RPS), electrostatic
precipitators (ESP), filters (bag/baffle/ceramic/fabric/tube/
sand bed), absorbers, etc.

cold or wet
gas
cleaning

spray towers, packed column scrubbers (wash tower), scrubbers
(impingement/venturi), wet ESP, OLGA, wet cyclones, etc.
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723.15 K, form aerosols heavier than vapors and can be
removed by physical forces similar to removing particulate
matter.103 Table 6 shows the typical separation efficiencies

reported in the literature for some of these systems.133 As can
be observed from Table 6, the separation efficiencies of these
systems are not 100%; hence, depending on the type of
removal system, multistage cleaning might be required, which
adds to the cost of operation and maintenance. Though hot gas
cleaning prevents the loss of energy value of the product gas,
wet/dry gas cooling/scrubbing is the highly recommended
method, since cooling gas is very effective to bring down the
tar’s dew point. Typically, chiller water is used in gas cooling,
which also scrubs the gas of particulate matter and tar
compounds. Instead of water, organic scrubbing liquids are
also used in a technology named OLGA technology.134 Figure
9 shows a performance comparison of OLGA with other

conventional technologies such as wet scrubber and wet
ESP.134,135 OLGA shows promising results, achieving removal
efficiencies of >99% for all the classes of tar, whereas the ESP
and wet scrubbers show selective performance of tar removal
based on their classes, achieving efficiency mostly in the range
of 50−75%.
Although the physical separation process (like scrubbers)

plays a significant role in tar removal from product gas, as
predicted by Milne et al.58 in 1998, the carcinogenic/
hazardous tar is transferred into the scrubbing phase (water,
oil, etc.) during the tar removal process, and the contaminated
phase should be treated before disposal, keeping environ-
mental concerns as a high priority. The recycling and reuse of

these waste streams are reported to be complex, involving the
separation of tar and contaminants from water.
The utilization of mechanical methods for the removal of tar

from gasification processes faces certain limitations. These
methods, such as filtration, condensation, and cyclones,
encounter challenges when it comes to effectively removing
fine tar particles and maintaining the overall efficiency of the
system. Mechanical equipment used for tar removal, such as
filters or scrubbers, can be prone to fouling and clogging. Tar
deposits can accumulate on surfaces, reducing the efficiency of
the equipment and necessitating frequent maintenance or
cleaning. This can result in downtime and increased opera-
tional costs. Gasification processes often involve high temper-
atures, corrosive environments, and high-pressure conditions.
These conditions can pose challenges for mechanical equip-
ment and materials, as they may lead to corrosion, erosion, and
mechanical failure. Specialized materials and designs may be
required to handle these conditions effectively. These methods
often require energy input to operate pumps, fans, or other
equipment involved in tar removal. This energy consumption
adds to the overall energy demands of the gasification process
and can impact the efficiency and economics of the system. A
concurrent summary of typical gas cleaning systems employed
in an industrial scale gasifier, their tar removal efficiencies (in
%), and concentration of tar left over is presented in section
4.2.3.
4.2. Chemical Methods of Gas Cleaning. 4.2.1. Thermal

and Steam Cracking. In thermal cracking, tar is converted
into lighter gases with the help of oxidizing species at high
temperatures, giving them enough residence time. The
residence time is inversely related to the cracking temperature.
For example, 80% of naphthalene is destructed/cracked in a
residence time of 1 s when the cracking temperature is 1423 K,
whereas when the temperature is reduced from 1423 to 1273 K
the residence time for the same conversion level needs to be
increased beyond 12 s;103,13 at same time, by increasing the
cracking temperature from 1273 to 1523 K, only 0.5 s of
residence time was needed.19,31 Hence, even though thermal
cracking is simple conceptually, high process temperatures
demand more sophisticated equipment and materials, which
increase the cost. Also, very high cracking temperatures in the
range of 1373−1573 K are necessary to minimize the reactor’s
space. Thermal cracking is known to be economical only when
it is used for large-capacity gasifiers.
Thermal cracking is also known for soot formation due to its

high operating temperatures, though removing soot by
spending additional energy is an option.132 Soot formation
can also be minimized through partial oxidation of product gas
by adding oxygen or air or sometimes even steam�steam
cracking/reforming. This might result in a decreased heating
value, as the product gases also get partially oxidized.103 For
steam cracking of tar, higher steam-to-carbon molar ratios are
required compared to that of industrial hydrocarbon steam
reformation.136 It is also reported that steam has a poor
influence on the conversion of aromatics58 and yields more
phenolic tars, which are easy to reform catalytically.58,137

According to Brandt et al.,138 employing steam cracking
followed by charcoal catalysis can achieve a tar yield of as low
as 15 mg/Nm3, which is still not enough to meet the purity
levels expected by applications such as fuel cells, the FT
process, or methanol synthesis, as shown in Figure 8.
Thermal cracking as a method for tar removal from

gasification processes also has its limitations. While it can

Table 6. Tar Reduction Efficiency and Operating
Temperature in Various Gas Cleaning Systems

temperature (K) tar reduction (%)

sand bed filter 283−293 50−97
wash tower 323−333 10−25
venturi scrubber 50−90
wet ESP 313−323 0−60
fabric filter 403 0−50
RPS 403 30−70

Figure 9. Comparison of the tar removal performance of scrubber,
ESP, and OLGA: heavy tar (black bar), light tar (red bar),
heterocyclic (orange), and dew point (●).
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effectively break down tar into simpler compounds through
high-temperature reactions, it may face challenges in
completely converting complex tar molecules. Additionally,
the process requires careful control of the temperature and
residence time to avoid potential issues such as coke formation
and reactor fouling. Proper design and optimization are crucial
to achieving efficient and reliable tar removal using thermal
cracking techniques.

4.2.2. Catalytic Cracking. Tar reduction using a catalyst is
another promising technique, which can be implemented in
two ways:139 one way is integrating the catalyst with the input
biomass to eliminate the tar within the gasifier itself (in situ
approach), leading to what’s known as catalytic gasification or
pyrolysis, and the second way is where tar is removed outside
the gasifier in a secondary reactor packed with the
catalyst.58,139 Catalysts are effective in cracking tar compounds
through reforming, cracking, hydrogenation, and selective
oxidation, and many researchers have widely studied their
performance over time.27,68,70,115,140−151 Catalytic tar cracking
is considered to be promising, as it can be performed at
temperatures close to that of gasifier outlet.151 The expect-
ations of a catalyst material for tar cracking are summarized as
follows:152

1. Good activity and efficiency in removing tar present in a
gas mixture (producer gas)

2. Good stability to deactivation and poisoning
3. Easy regeneration
4. Good abrasive strength
5. Inexpensive and ready availability
6. Less harm to the environment
Although it is also mentioned in the literature that the

catalyst should be capable of reforming methane, keeping
hydrogen or syngas as the desired product, it should be noted
that the volumetric composition of methane is significantly
lower than those other species, such as H2, CO, and CO2, in
the gasifier product gas.153,154 Typically, the performance of
catalytic tar cracking is dependent on the type of catalyst and
its composition. A catalyst is composed of a metal (catalytic
phase), a promoter (increase the activity or stability of the
catalyst), and a support (for dispersion of the active phase).
Typically, in the literature,143,146,150,155−157 catalysts for tar
reduction are broadly classified, as shown in Figure 10. The
compositions of various catalysts with operating conditions
that are used for tar reduction are shown in Table 7.
Nickel is the most widely used catalyst among group VIII for

steam/dry reformation, and it is also used for tar
cracking.153,154 Two types of Ni-tar cracking studies are
reported in the literature: one is the oxidation of tar with O2,
and another is the steam reformation of tar. The Ni is oxidized
to NiO in the presence of oxygen, which catalyzes the

combustion reaction, and Ni prefers a reformation reaction in
the absence of O2. It is reported that partial oxidation is better
in terms of removal (specifically in fluidized beds) and tar
conversion than steam reforming.153 Ni catalysts are reported
to be more active for heavier hydrocarbons, which is key to
avoid agglomeration of soot, and improves the H2 to CO ratio
and the gas quality. It should be noted that the gasifier product
gas also contains inorganic contaminants or impurities, as seen
in Figure 1. Based on the nature of impurities, such as halides,
siloxanes, etc., sintering, deactivation, and blocking of active
sites of catalysts can occur. Although Ni is preferred due to its
low cost and wide availability,151 Ni catalysts (prereduced) are
known for being poisoned by sulfides, metal chlorides, and
alkali oxides, with reports of rapid deactivation from sulfur and
high tar contents due to chemisorption. This could necessitate
pretreatment of feed gas, which is not fulfilling the objective of
catalytic tar cracking. Mohamed et al.151 investigated influence
of the prereduction stage on the tar reforming activity or
cleaning of syngas in the presence of impurities such as HCl
and H2S. The study showed that the prereduction stage,
particularly the higher temperature in the prereduction stage, is
important for stable and high activity of the Ni catalyst for tar
reduction in the presence of impurities. Mohamed et al.150 has
discussed in detail advanced Ni tar-reforming catalysts that can
resist syngas impurities, the current knowledge, research gaps,
and future prospects; they emphasized that long-term studies
on sintering due to impurities is important and mentioned the
requirement of computations studies to understand the
mechanism of deactivation.
Other transition metal catalysts, such as Rh, Ru, Pd, Pt, etc.,

were also developed and used for tar reduction. These catalysts
are reported to have a high catalytic activity resisting impurities
such as sulfides.153 However, these transition metal catalysts
are more expensive than the conventional Ni-based catalysts,
making them difficult to use in large-scale systems despite the
complete abatement of tar in the following order of
performance Rh > Pt > Pd > Ni = Ru. Other metal catalysts
such as Co, Fe, Zn, and Cu have been investigated for tar
reduction, and some of them are more promising than Ni.153

Though alkaline catalysts are used in several studies showing
improvement in gas quality and tar reduction, they have
disadvantages due to their evaporation, formation of silicates as
sticky deposits, and agglomeration at high temperatures.
However, the alkaline species contained in the biomass can
always play a catalytic role in situ and ex situ if released and
mixed in the product gas, although they can be affected by
sintering. The same is true for using ash as a catalyst, but it is
known for particle agglomeration, which is a disadvantage.
Natural minerals such as dolomite and olivine are directly

used as catalysts and show activity toward tar reforming. Their
activity can be further increased by pretreating them using
calcination. Calcined dolomite becomes very fragile, whereas
calcined olivine maintains good mechanical strength. Both are
cheaper and deactivated due to coke formation and carbon
deposition, since the deposition reduces the surface area of the
catalyst. Olivine has higher attrition resistance compared to
dolomite, and its mechanical strength is comparable to that of
sand, even at high temperatures. However, it is reported that
the catalytic activity for tar reformation is slightly lower for
olivine than for dolomite by 1.4×. Aluminosilicate earth metal
minerals, such as zeolite, are known as molecular sieves. Zeolite
diversity is extremely large; from both structure and chemistry
points of view, each zeolite type has a three-letterFigure 10. Catalyst materials for tar cracking.
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nomenclature code assigned by the IUPAC commission.
Among the zeolite types, Y, ZY, Zβ, ZSM5, and F-9 were
studied for tar removal. These catalysts were also supported by
a metal catalyst such as Ni, Fe, or Rh, and the Rh support
showed the best effective tar removal at the lower loading
concentration. Zeolites provide good thermal and hydro-
thermal stability in addition to high catalytic activity. More
importantly, they are highly resistant to sulfides in the product
gas of the gasifier and easily regenerated. Yet, deactivation due
to coke formation/deposition is a major challenge, as for other
catalytic materials, and the effect is dependent on the topology
and associated acidic properties of the zeolite type. From this
aspect, it is reported that carbon-supported catalysts having
neutral or weak base properties have higher resistance to coke
deposition and heavy metals than solid acid catalysts. Activated
carbon is one such catalyst being explored for tar removal. Its
mesopores effectively convert heavy hydrocarbon compounds

to lighter catalysts, which will prevent coke/soot formation. In
addition to the benefits of activated carbon’s macro- and
mesopores improving the dispersion of metal ions, they also
provide transport of reactant molecules into internal catalyst
surfaces. Similarly, char (biochar/mineral char) is also widely
used as a catalyst for tar cracking due to its highly porous
structure. Feng et al.189 proposed a mechanism and attributed
tar-reforming reactions in the presence of biochar to the H/O/
OH radicals. The tar compound adsorbed onto the active sites
through the biochar layer suffers electron pair shift and breaks
down at high temperatures, catalytically cracking to form the
corresponding free radicals. Acid-washed char is reported to
have better tar reformation activity than raw char, although the
latter has higher catalytic activity. A detailed review on the
performance of catalysts in tar removal is reported in
literature.36,150,153,156,157

Table 7. Performance of Catalytic Tar Cracking

catalyst support
operating conditions

(°C) tar cracking (%) ref

Ni quartz wool 500−900 43.2−100 115, 146−148,
158−160

Rh SiO2 550−700 100 143−145, 161, 162
Pt CeO2 800 20−50 149
Ru (PPh3)3Cl2 600 11.8−80 163, 164
FeO 900 100 142
Co and Ni oxidized Shengli lignite char (OXAWSL) 450−500 76.3 165
Ca waste peat char (activated by CO2 (CPC) and KOH

(APC))
900 94.4 166

Ru and Ni α-Al2O3 400−800 97.8 167
Ni-xSiO2 @C wood carbon (WC) 500−650 97 168
Ni-doped biochar (BC) 600 60 169
Ni−Pt Ce1‑xZrxO2 300−600 90.4 170
Fe−Ni Al2O3 500−700 63.8−100 171, 172
CaNiRu MnNiRu α-Al2O3 300−900 100 173
Fe−Ni Cu−Ni activated carbon 200 99.1 174
Ni, Fe, and Mg zeolite 800 86 175
CaO-Ca12Al14O33 Al2O3 600−800 73 176
Ni/Ru−Mn α-Al2O3 600−1100 100 177
Pt CexZr1‑X O2/Al2O3 700 82 178
Ni/AC activated carbon 500−700 99 179
biomass porous char K/Fe 800 94.9 180, 181
activated char loaded with
nickel

activated char 600−800 80 182

biochar 600−900 82−100 183−188

Table 8. Tar Removal Efficiencies Reported in the Literature during Operation on an Industrial Scale

method
tar

compound scale
treatment temperature

(K)
tar at inlet (g/

Nm3)
Tar at outlet (g/

Nm3)
removal efficiency

in % ref

mechanical or physical removal methods
OLGA real tar industrial 673.15 8.6−3.2 0.7−0.6 80−92 190
cyclone separator toluene industrial 7.5−6.6 2.6−1.8 66−72 191
wet scrubber toluene industrial 2.6−1.8 1.0−0.7 59−63 191
sand bed filter real tar industrial 283−293 50−97 133
wash tower real tar industrial 323−333 10−25 133
venturi scrubber real tar industrial 50−90 133
wet electrostatic precipitator real tar industrial 313−323 0−60 133
fabric filter real tar industrial ∼473.15 0−50 133
cracking methods
catalytic (dolomite, olivine) real tar industrial 973−1173 8.6 0.057 >95 192
thermal (secondary air, partial
oxidation)

real tar industrial >1373.15 50.52 12.9 74 193
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4.2.3. Performances of Some Tar Handling Methods in an
Industrial Scale. In summary, Table 8 shows the performances
of most of the above-discussed tar handling methods reported,
which are operated on an industrial scale.133,190−193 By
observing Table 8, it is understood that OLGA manages to
achieve removal efficiencies of 80−92% even when employed
as hot gas cleaning (673 K), since oil-based scrubbers can be
effective without cooling. Other than OLGA, which is used at
high temperatures, only the venturi scrubbers and bed filters,
which are used at low temperatures, show removal efficiencies
>90%. Hence, multistage cleaning systems are always
preferred, which is evident by observing Table 8. A
combination of OLGA, a cyclone separator, and a wet
scrubber is used in one system,19 whereas a sand bed filter,
wash tower, venturi scrubber, wet ESP, and fabric filter
combination is used in another system.133

4.3. Plasma Technology for Tar Reduction. As
mentioned earlier in the introduction, plasma is a soup of
reactive species, including electrons, ions, radicals, metastable
compounds, excited neutrals, ground-state neutrals, and
radiation. These species can dissociate and further reform
the stable compounds like “tar” generated in gasification. For
this reason, plasma technology has recently been explored for
generating relatively clean raw gas from gasifiers and also for
cleaning the raw impure gas, i.e., tar destruction.124,125,194−198

1. Thermal plasma (TP) is used as a source of heat to
provide a very high-temperature environment (>2273
K) inside the gasifier, enabling in situ tar cracking�
plasma gasification.

2. Nonthermal plasma (NTP) is used as a source of
chemically active species by ionizing the compounds
present in the gas to be cleaned, thereby enabling
compounds of tar to be reformed; this reformation is
possible at lower temperatures than that for the
catalytic/thermal cracking.

Recent advancements in gasification technologies have
honed in on in situ thermal plasma gasification as a progressive
and efficient method for converting carbonaceous materials. In
this process the feedstock, whether it is coal, biomass, or waste
materials, undergoes high-temperature plasma treatment right
at its original location. This approach offers notable benefits,
including operational flexibility and reduced transportation
costs. In situ, thermal plasma gasification enables the direct
conversion of various feedstocks into high-quality syngas, CO,
and H2 at elevated temperatures. This technology marks a
significant leap toward sustainable waste management and
clean energy production, providing a more compact and
integrated solution for decentralized applications. Ongoing
research aims to optimize the parameters, enhance the energy
efficiency, and improve the economic feasibility of this
innovative gasification approach. Kim et al.199 applied
nontransferred DC steam plasma to liquid hazardous waste
(PCBs, chlorinated solvents, and pesticides) at atmospheric
pressure (1200−1400 °C). Treating a PCB/CCl4 mixture
(27−73%) with superheated steam as a plasma gas, heat
carrier, and reactive gas resulted in approximately 30%
combustible gas in the syngas (29% CO, 1% CH4). The
study concluded steam plasma is more effective in waste-to-
energy and hazardous waste treatment than air plasma.199

Vecten et al.200 conducted pioneering experiments on the
steam gasification of biomass, specifically wood pellets. These
experiments were carried out in a lab-scale atmospheric

pressure moving bed microwave-induced plasma reactor
utilizing pure steam as the plasma gas. Notably, this study
marked the initial application of microwave (MW) technology
for biomass gasification in the presence of pure steam.200 The
advantages of employing pure steam plasma are emphasized
through the production of hydrogen-rich syngas featuring a
high calorific value within the range of 10.5−12 MJ/Nm3. The
suggested method holds promise as an efficient avenue for the
sustainable generation of fuels, chemicals, and energy from
biomass. Vecten et al.200 provide insights into the composition
of syngas, reporting the following volume percentages: H2
(45−65%), CO (15−30%), CO2 (10−20%), CH4 (5−10%),
and LHV (10.5−12 MJ/m3). A more comprehensive review on
thermal plasma gasification can be found in the litera-
ture.201−213

Nonthermal plasma (NTP) technology offers several
advantages for tar removal from gasification pro-
cesses.116,124,125,127,194,195,214−221 Some of the key advantages
of using nonthermal plasma for tar removal include the
following: (1) high reaction rates222−226 due to the presence of
energetic electrons and other species; (2) nonselective
reactivity223−225,227 due to the possibility to simultaneously
break down a wide range of tar compounds in the mix unlike
catalysts, a suitable feature for scenarios such as gasifier tar
containing mixture of tar compounds; (3) wide operating
temperature ranges;114,228−232 (4) scalability, allowing gas
cleaning in different scales of gasification operations from lab
and pilot scales to industrial scale; and (5) environmental
benefits225,228,233 due to converting the tar compound rather
than separating the tar compounds from the gas, which
pollutes the environment upon disposal.
In recent times, plasma combined with catalysts (plasma

catalysis) has also been explored for tar reduction to get a
synergetic effect. The integration of nonthermal plasma and
catalysts can enhance the overall efficiency and effectiveness of
tar removal.36,94,95,117,216,224,229,234−238 On one hand, plasma
can aid the regeneration of catalysts, increasing the life span of
the catalysts.239 On the other hand, the catalyst can provide
selective tar decomposition, since plasma is nonselective in
treating the tar compounds because it can collide and react
with any chemical species.117,229,234 Plasma catalysis can
support lowering the operating temperatures, leading to energy
savings, and reduced operational costs.197,240 Further research
and development efforts are needed to optimize the
combination of these technologies, including catalyst selection,
plasma reactor design, and operating conditions, to maximize
the synergistic benefits and enhance the overall efficiency of
removal of tar from gasification-derived syngas. Typical plasma
sources attempted for tar destruction include corona, dielectric
barrier discharge, gliding arc, and spark/glow discharge,
including microwave and radio frequency discharge systems,
which are considered as nonthermal plasmas.225,227,233,241 Tar
resulting from gasification consists of a blend of aromatic
compounds. When subjecting such a complex mixture to a
plasma environment, the comprehension of the chemistry
between tar and plasma during the initial stages of research
becomes challenging. Therefore, most of the available studies
on tar destruction using plasmas focus on investigating the
destruction of simulated individual tar compounds, except for
the study conducted by Eliott et al.,242 which examined pine
tar. Naphthalene and toluene are commonly chosen as
representative tar compounds for analysis, as they are known
to be the predominant constituents of gasification
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tar.123−125,194,195,216,219,221,243−246 On the other hand, benzene,
pyrene, anthracene, fluorine, and acenaphthene are rarely
studied. Nair et al.247 also reported that the efficiency of tar
removal using plasma is influenced by the structure of the
compounds. For instance, naphthalene is highly stable and
difficult to decompose, while one-ring aromatic compounds
can be easily dissociated but may require more energy for
decomposition due to the high likelihood of recombination
among their dissociated fragments.
Figure 11 shows the specific energy input (SEI) for tar

destruction. Mostly toluene and naphthalene were chosen as

tar compounds to be cleaned by various plasma sour-
ces123−125,194,195,216,219,221,243−247 considering mostly they are
representative tar compounds. Typically, an electricity
consumption of 5−15% of the total electricity produced is
considered reasonable to spend for cleaning the gasification
product, which is 100−300 J/L or 0.03−0.08 kWh/m3 that can
be kept as target SEI to achieve.227 From Figure 11, it is
evident that dielectric barrier discharge (DBD) exhibits the
highest average SEI compared with other plasma sources. The
average SEI values for the catalytic DBD and DBD are 6.1 and
12.9 kWh/m3, respectively. Corona227 demonstrates the lowest
average SEI of 0.2 kWh/m3, followed by gliding arc, catalytic
gilding arc, and rotating gliding arc in the range of 0.5−0.8
kWh/m3. However, it is important to note that the graphical
representation in Figure 11 obscures the influence of other
operating conditions. Gliding arc reactors seem promising in
achieving low SEIs and have been the recent focus of research.
However, it is true that energy spending using this approach
can still be relatively high, and ongoing research is focused on
addressing this challenge.

4.3.1. Modeling in Gasification. As mentioned, the
gasification process has many key operating factors, such as
feed stock, gasifying agent, pressure, and temperature, whose
changes can influence the product composition and thereby
the gasification performance heavily. This might result in time-
consuming and costly experiments to design a reactor. Under
such circumstances, a computational route can be effective to
design and optimize the gasifier in less cost and time. The
fundamental approach in the computational route is to have a
mathematical model that can represent the physical and
chemical phenomena involved in the gasification process, both

in situ and ex situ processes. Based on the objective of the
modeling, suitable assumptions can be made to simplify the
model’s complexity, and one should be careful with the
understandings derived from the modeling. However, qual-
itative information derived from the modeling on the influence
of the operating factors is considered useful. In 2022, Kushwah
et al.248 published a detailed review in the modeling
approaches for biomass gasifiers. Similarly, Sikarwar et al.19

also provided a brief discussion on modeling. The modeling
approaches are typically classified into thermodynamic,
reaction kinetic, computational fluid dynamics (CFD), and
data-driven.
Thermodynamic modeling is based on minimization of the

Gibbs free energy, predicting the stable composition of the
product and the probable species to be present in the product
when the gasifier is in chemical equilibrium.249−253 The
predicted composition is considered the benchmark and is
compared to the performance of the gasifier in the real
scenario. Thermodynamic modeling is further classified into
stoichiometric and nonstoichiometric modeling. Thermody-
namic modeling has its own advantages, since it can be used
easily for a wide range of systems due to low computational
requirements and can be used to see if gasifier has achieved
equilibrium that will give stable yield. However, this model
does not consider reaction time and reactor geometry.
Kinetic modeling considers factors that are not accounted for

in the thermodynamic modeling that will help to represent the
chemistry inside the gasifier, which varies in space and time.
Kinetic model includes many operating variables representing
the property of fuel, the hydrodynamics of the reactor, the
design of the reactor, and so on in addition to temperature and
pressure considered in the thermodynamic modeling. Kinetic
modeling helps to predict the temporal gas composition and
can be used to understand the reaction mechanisms. However,
the model relies heavily on reaction rate estimation, and
complete reaction mechanics are partially understood and
computationally more expensive than those in thermodynamic
modeling.254−260

With the kinetic modeling accounting for the effect of
operational parameters on the chemistry, CFD modeling
invokes the kinetic modeling and the resulting fluxes (in/
out) of mass, momentum and energy on a suitable control
domain constrained by boundary conditions. With the CFD
model, a scenario close to real gasifier operation can be
simulated, predicting the heterogeneous chemistry in the
gasifier taking into the account the changes in energy, mass,
and momentum spatially.261−263 An inappropriate solution is
also possible if the flow models involving turbulence and
multiphase are wrongly chosen.
Because the CFD model most accurately mimics the gasifier,

it is also computationally expensive. This motivates the use of
data-driven modeling, wherein correlations between the
variables are used to gain helpful findings without getting an
analytical answer. To balance the lack of physics in the pure
data-drive model, a stoichiometric equilibrium model was
coupled with regression of data driven models such as artificial
neural network (ANN).264,265 Although data-driven modeling
is reported to accurately reflect nonlinearity, it requires large
data sets from experiments, and the performance will be poor
with new inputs (change in input features considered in the
model).
There is still significant scope for improving the modeling

approaches to understand the physics/chemistry of gasification

Figure 11. Specific energy inputs for various plasma sources used for
tar destruction.
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to support the design and optimization of the gasifier. Relevant
to the context of this review work, the modeling of tar is likely
to be one of the most active research topics to understand how
to regulate tar formation. Tar modeling is reported to be
difficult even in CFD modeling, which accounts for most of the
operational factors that influence the tar formation and yield.

■ CONCLUSION
Syngas cleaning for tar removal is a critical step for the syngas
to be used further in the applications. A thorough under-
standing of gasifier chemistry, gasifier configuration, tar
formation during gasification, tar classification based on
composition, required extent of tar removal from syngas, and
working science of tar removal technology is important. It is
very evident that only through multistage cleaning (addition to
in situ mitigation of tar formation) can the desired syngas
purity be achieved using the existing secondary tar removal
technologies. Catalytic tar removal techniques have shown
great potential in tar removal with high thermal stability,
without the necessity to use syngas cooling, which is required
in most other technologies, thereby preventing a loss in cold
gas efficiency. However, catalyst deactivation due to other
syngas impurities and coke, fouling, and sintering needs to be
addressed for successful implementation.
Nonthermal plasma technologies offer an alternative

approach to tar removal by utilizing energetic electrons and
reactive species to break down tars through oxidation and
cracking reactions. Plasma-assisted tar removal exhibits high
reaction rates and can handle a wide range of tar compositions.
However, careful control of operating parameters, reactor
design, and effective energy management is crucial for
achieving cost-effectiveness and scalability.
Overall, a combination of mechanical, catalytic, and

nonthermal plasma methods holds significant promise for
efficient tar removal from gasification processes. Integrating
multiple techniques can synergistically enhance the tar
conversion efficiency and syngas quality. Future research
should focus on developing hybrid systems that capitalize on
the strengths of each method and optimizing operating
conditions to minimize energy consumption and environ-
mental impact. Both experimental and simulation techniques
should be used to optimize the syngas cleaning. The successful
implementation of tar removal strategies will contribute to the
wider adoption of gasification technology for clean energy
production and various downstream applications. Advance-
ments in tar removal techniques will not only improve the
overall efficiency of gasification processes but also reduce the
environmental footprint associated with syngas utilization.
Continued research and development efforts in this field are
essential for achieving sustainable and economically viable
gasification systems in the future.
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