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Abstract 
Biomass is one of the most important sources 
renewable energy. One aim of Biomas
gasification is to convert a solid feedstock into 
valuable syngas for electricity or liquid fuel
production. Actual industrial auto-thermal
gasification processes achieve a production 
syngas mainly polluted by products such as dus
nitrogen oxides, sulfur dioxide and tars. Tar
remain, one of the main drawbacks in using th
gasification process since they are capable 
condensing at low temperature. This could lea
to fouling, corrosion, attrition and abrasion o
downstream devices such as gas turbines 
engines. Tars are often removed from the synga
decreasing the internal energy of the synga
itself. These tars are heavy aromati
hydrocarbons whose treatment remains difficu
by thermal, catalytic or even physical methods
They can condense or polymerize into mor
complex structures, and the mechanism
responsible for their degradation are no
completely identified and understood. 
Turboplasma© is a thermal process, proposed b
1
 

Europlasma. The main principle of operation 
relies on the use of thermal plasma for the 
cracking of tars inside a syngas produced in an 
auto-thermal gasification step. Basically, it 
, umichon@europlasma.com 

consists of a degradation chamber where 
syngas is heated by a plasma torch. The plas
plume provides a high temperature gas (arou
5000K) to the system and enables heating of 
incoming stream (above 1300K) and als
generates high temperature zones (above 1
K) inside the device. Due to both hig
temperature and long residence times of t
syngas in the vessel, cracking of the tars occu
Finally, the species released are mainly CO a
H2, leading to an increase in the Lower Heatin
Value of the syngas. The work presented he
describes the design of a high temperatu
gasification system assisted by thermal plasm
It was performed using a CFD computatio
implemented with a full chemical model for th
thermal degradation of tars. The objectives we
to understand the aerodynamic behavior of t
Copyright © ASME 2009 
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1. Introduction 
 
Europlasma SA holds the patents for non-
transferred plasma torch technology. This
technology has been developed by EADS-LV 
(ex-AEROSPATIALE, French national 
aerospace company) to simulate the intense he
encountered by missiles and spacecraft durin
atmospheric re-entry. Europlasma designs an
manufactures plasma heating systems for which
high temperature can be used in civil 
applications such as steel-making industry, wast
destruction, high temperature gasification, coa
power plant starter. At Present time Europlasma
is developing a multi-stage gasification process
named CHO-Power which relies on an auto-
thermal gasification improved by a high 
temperature stage: Turboplasma©. Its principle
components are depicted on Figure 1. Secondar
gasification using high-temperature produced by
the plasma transforms the waste into a high
purity BioSynGas that can be supplied to a gas
turbine/engine which produces electricity, with 
an end-to-end electrical yield that may reach
40%. The incoming fuel is refuse-derived fuel 
from a commercial waste sorting facility. RDF is 
mainly composed of wood, paper, clothes and
thin plastics. Nearly 80% of the RDF mass is
similar to biomass. The CHO-Power process
involves a preparation of RDF into a CHO-Fuel,
removing extra metal, non-ferrous compounds
and minerals After a preparation treatment, this
waste enters into the auto-thermal gasification
unit. This unit is of the fixed bed cross flow 
reactor type that has been selected for it stability 
variation in the CHO-Fuel feedstock. First, the
material is dried at 200°C and then converted
into a product gas in the range of 850-1500K.
This operation is carried out with an air supply
lower than the stoichiometric requirement, 
involving a partial combustion which yields heat 
for the thermal organic conversion of material
(C,H,O) into the desired product gas (CO,H2, 
CH4). This is the principle behind the steam 
gasification process. At the output of the 
gasification unit, the product gas is mainly 
composed of carbon monoxide and hydrogen
but it also includes tars. These make the synga
unsuitable for direct supply to turbines or 
engines because of the low dew points of the
condensable volatiles.  Tars create process
related problems in the end use devices, such a
fouling, corrosion, erosion and abrasion, and
thus, it is necessary to clean this gas We hav
chosen to use plasma torch technology using
Turboplasma equipment patented by
2 
Europlasma. The non-transferred arc plasma
torch delivers a very high temperature gas.
Plasma chemical properties are not used, it is th
high temperatures that allow the thermal 
cracking of tars. 
 

 
Figure 1 : C.H.O. Power unit 

The purpose of this paper is the description of
the CFD model that was developed to describe
this thermal cracking in the Turboplasma. The
first part is devoted to the tars characterization
with the objective to specify a tar cracking 
kinetic model. This kinetic model is then 
implemented in a Completely Stirred Tank 
Reactor Model in the second part. This model is
then included in the more general CFD model of
the Turboplasma, in order to improve its design.
Finally, some results are shown.  

 

2. Tars characterization 

The term "tar" refers to many substances. In the
literature many definitions can be found [1, 2, 3]. 
The most general definition is : "The organics 
produced under thermal or partial-oxidation 
regimes (gasification) of any organic material are
called “tars” and are generally assumed to be
largely aromatic." Since the meeting of Brussels
in 1998, benzene is excluded; tars are
hydrocarbons with a molecular weight higher 
than that of benzene. 
Formation of tars begins at low temperature,
cellulose and lignin molecule bonds are broken
to form primary tars. Then with increasing 
temperature these tars are transformed into
secondary and tertiary tars [2]. The composition
Copyright © ASME 2009 
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of tars depends upon the transformation proce
as well as upon the nature of material bein
gasified. T.A. Milne and R.J. Evans [2] compile
a review that updates the currently availab
information about gasification tars. One of the
main conclusions is that these tars are main
composed of secondary and tertiary structures.
Jun & Heejon in 2006 [4] divided the tar
removal technologies into five groups
mechanical methods; self-modification (selectin
optimal operation parameters for gasifier o
using a low tar gasifier); Catalytic cracking
Thermal cracking and Plasma methods. The fir
three methods still remain either relativel
complex or expensive. Thermal cracking seem
to be interesting provided that the temperature
raised sufficiently high. The drawback of the
method is the dilution of the exogenou
molecules (like N2 present in air) that decrease
drastically the LHV of the syngas. Performanc
of these gas clean up process's is evaluated
the tars dew point [1,5].  
To design a tar cracking kinetic model, mode
compounds have to be chosen. In the case 
gasification, temperatures can be  higher th
600°C. Lopamudra Devi et al. [3] discussed 
many results concerning observations of t
cracking that appear in the literature. It appea
that at temperatures higher than 600°C, prima
tars are immediately cracked into benzen
Secondary tars, often represented by toluene 
7, 8], may be partially cracked, while for tertiary 
tars, often represented by naphthalene, may n
undergo cracking since they required highe
temperatures or the presence of a cataly
Naphthalene and toluene have been chosen
model compounds. Naphthalene is a PA
(Polycyclic Aromatic Hydrocarbon) that is very
difficult to crack in comparison to other tertiary
tars. In gasification, tertiary aromatics (like
naphthalene) are predominant. [9, 6, 3, 10
Toluene is a good representative of its cla
because of it represents a stable aroma
structure found in tar formed during high
temperature processes [3, 7, 6, 8, 10]. Prima
tars are assimilated to benzene. 
In the case of thermal cracking, a small amou
of data related to kinetics is available. Va
Paasen et and al. [2] have identified usab
kinetic data. In the Turboplasma equipment th
temperature is higher than 900°C. To formulate
CFD model, Arrhenius law kinetic data were
employed. Three review articles are available 
the literature (O. S. L. Bruisma [11, 12], and A
Jess [6]). However, the work of Jess is the on
one that provides information on the produc
3 
issuing from thermal degradation. Following an
experimental results analysis, Jess presents 
reactive system for tars thermal removal in an
atmosphere of hydrogen and steam. In the cas
of naphthalene, the main products of degradatio
are soot, benzene, methane and carbo
monoxide. Dealing with benzene, its 
decomposition mainly leads to methane and
carbon monoxide whereas for  toluene, they ar
mainly benzene and methane. Another study wa
made by Nozaïc [13] to specify, from the case o
naphthalene and benzene, which reactions ar
thermodynamically favorable. This study shows
that in our case, reforming reactions need to b
taken into account.  
 

 
As thermal cracking products are known,
naphthalene and benzene reactions can be set u
Thus, a simple reaction scheme for tar cracking
has been established (Figure 2).  Kinetic data
required for the final derivation of the kinetic 
model are summarized in table 1. Soot is
represented by solid carbon. 

+H2O 

+H2 
+H2O 

Benzene 

Naphthalene 

CO+H2 

Methane +H2O 

Soot 

Toluene 

+H2O 

Figure 2 : Tar cracking kinetic model 
Copyright © ASME 2009 
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Table 1 : Kinetic data for the Turboplasma CFD model.
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3. Global kinetic model 
 

The syngas is composed of N2, H2, H2O, CO, 
CO2, CH4 and tars, while the gas injected in the
plasma torch is air. Dealing with this set o
species, literature yields much information
concerning kinetic data, that needs to be take
into account. Table 1 summarizes the
information that was used in our model. Befor
introducing this model into the more genera
CFD one, a simpler mathematical model ha
been written. A completely stirred tank reactor i
considered. The inputs were the synga
(temperature, flow rate and composition) and th
air plasma (temperature and flow rate). Th
output gives composition, flow rate and
temperature of the gas. The problem is illustrate
Fig. 3.  Equations formulating the problem are : 
 
 - Species balance : 
 
 
 

OutOut
i

j
jji

PlasPlas
i

SynSyn
i FxVrFxFx =⋅⋅++ ∑ ,ν

(1) 
 
 

 - Enthalpy balance : 
 
 

 OutPlasSyn HHH =+                (2) 

 
 

 - Model for enthalpy : 
 
 

( )∑ ∫
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


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
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T

T

pf
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i

loc
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ref

ii
dTTChyH

1

0
   (3) 

 
 
The enthalpy is evaluated using fifth orde
polynomial for heat capacity and using formation
enthalpy as reference. 
 
 - Mass balance : 
 
 

  ∑ =
NS

i

Out

i
x 1     (4) 
5 

 
 

This resulting algebraic system is solved using a
Newton-Raphson method. 
Calculations were carried out for a normal
reactor volume for which, because of 
confidentiality reasons, we are unable to provide
information. Results are shown in Figure 4. Tar
compositions are not represented because of th
low values, having concentrations are about 9
mg/Nm3, with 50% being naphthalene and 50%
toluene . The kinetic model is compared in the
case of an infinite volume to an equilibrium 
calculation (Gibbs minimization).  Outlet 
compositions are quite similar, offering a partial
validation of the kinetic model. 
   
 
 
 

 
 
The gas composition obtained is what might be
expected given a sufficient temperature and
residence time, so that a great part of the tars ae 
cracked, with a reduction rate of about 80%.
These results from the foundation upon which
the CFD model can be built. 
 

Out

Out

Out

T

x

F

 

 

 

Turboplasma 

Plas

Plas

Plas

T

x

F

 
Syn

Syn

Syn

T

x

F

 

Figure 3 : Recapitulative scheme of 
the mathematical model 
Copyright © ASME 2009 
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Figure 4 : Comparison between the syngas mass 

composition at the inlet and outlet mass 
compositions for calculations carried out with a 

finite volume, an infinite volume and with an 
equilibrium model. 

 
 
4. The CFD model 
 

For a simple Turboplasma geometry three
dimensional calculations were carried out usin
the FLUENT code. Conservation equations fo
momentum, energy and chemical species we
solved. The standard k–ε model for turbulence 
and a discrete-ordinates (DO) model fo
radiation were selected. Mass flow inlet and ou
flow are chosen as boundary conditions. Th
radiation absorption coefficient is calculated as  
function of characteristic cell size and ga
concentrations (see FLUENT manual fo
details). 
Specific properties of the high temperature a
plasma are introduced into the software. 
Two new species are created which are not  
in the FLUENT database, naphthalene an
toluene. Their properties are calculated thanks 
data available in "The properties of gases an
liquids" [17]. 
To have a good convergence, species relaxati
factor are reduced, but not too much in order t
optimize computational time. 
The inputs of the problem are the same a
previously.  
6 
Inlet temperature of the plasma can be highe
than 5000K, it depends upon power of the
plasma torch. Temperature of the syngas is abo
950K. 
 
 

5. Results 
 
Figure 5 presents the temperature profile an
mass fraction of naphthalene, toluene, benzen
soot and methane. For confidentiality reason
we are unable to provide any geometrical dat
about the industrial device under study. 
The light area in the temperature profile
represent the plume of the plasma. With the mi
of  the syngas and the plasma gas, temperatu
can reach values about 1500K and higher. Th
temperature is high enough to let tars remova
occurring, even for tars like naphthalene.  
Species mass fraction profiles clearly illustrate
the tars cracking process. High mass fractio
value fit to light areas. Where mass fraction o
naphthalene is low, areas of high mass fractio
of soot correspond. Soot is formed from
naphthalene removal, and after it is removed
Temperature is high enough to let soot crackin
occur. Also, this area with a low mass fraction o
naphthalene corresponds to the second area 
high mass fraction of benzene and methane. Bo
reactions are significant. Dealing with toluene, i 
disappears earlier than naphthalene, as it 
explain by A.Jess [6]. Toluene removal occurs a
lower temperature than naphthalene. Th
beginning of the dark area, where mass fractio
of toluene is very low, corresponds to the firs
area of high mass fraction of benzene an
methane, as it could be expected according to t
tars cracking model.  
 
 

6. Conclusion 
 
The thermal degradation of tars in a chamber fe
by a plasma torch is examined studying thi
study. After a bibliographic review, naphthalene
and toluene are chosen as model compound
They are good representatives of tertiary an
secondary tars, and they are present in the g
leaving the gasification unit. Their thermal
cracking process are similar to the other ta
components, which can be more complex.  A
kinetic scheme of this thermal degradation ha
been developed. 
In order to obtain information about the
availability of the kinetic model, two numerical 
studies have been carried out.  
Copyright © ASME 2009 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

   

 

Figure 5 : Contours of temperature and species mass fraction. 
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The first one is a simple mathematical mode
where the Turboplasma is 
considered as a completely stirred tank reacto
This model gives information about mas
composition at the outlet, and about th
temperature/residence time coupling necessary
crack tars. Thus, it is possible to estimate 
volume necessary for thermal degradation
According to this volume, a three dimensiona
geometry was formulated and integrated int
Fluent Software. Also, specific properties of th
plasma gas, as well as the kinetic model for ta
degradation were introduced into the mode
Results of these simulations result in a larg
amount of information concerning the behavio
of the Turboplasma equipment. A very ho
plasma gas plume is formed, which raises th
temperature of the gas to be cleaned, and that i
7 
 
turn promotes tar removal. The route by whic
naphthalene and toluene are cracked is w
illustrated by mass species fraction profiles
Furthermore CFD calculations give information
about velocity profiles, that is necessary t
evaluate maximum wall velocities and
subsequent abrasion. The Turboplasma geome
can be optimized, in order to obtain the be
temperature/residence time coupling, as well 
obtain a good compromise for high operation
time.  
The next step of this work, will be to carry ou
CFD calculations using this optimized geometry
while integrating dust, that is present in th
syngas. 
At this stage, the different markets for high
quality of syngas use have not been full
addressed, neither mass nor energy balances 
Copyright © ASME 2009 
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disclosed in this paper; authors prefer to preve 
from any misunderstanding about  specific cas
applied as an general case. As usual the ma
drawback that will be raised by concurren
technology (oxygen, wet scrubbers, catalysis
will be energy consuming of plasma. 
The first answer that could be provided is to
avoid technology to technology brick. Main
focus shall highlight the global benefit on the
whole process in term of availability, no by-
products to handle, limited environment
pollution risk Europlasma master its plasma
torch models with an energy yield of  85%
(Electric Power - Heat lost = Plasma Jet Power
Europlasma philosophy is to consider "on
Turboplasma reactor = one plasma heatin
system". Thanks to its different plasma torch
models, Europlasma is able to address produ
gas flowrate from 3, 000 to 40, 000 Nm3/h. 
Restriction of using only 1 plasma Heating
System per Turboplasma reactor is a way to lim
CAPEX (capital expenditure) related to the
multiplication of Plasma Heating system
Finally, the availability rate obtained by
Europlasma during 20 years of cupola heated b
plasma torch, is about 96%.  At last it can b
mentioned that for Turboplasma case, the electr
energy is transferred to the syngas in manne
The first one is extra steam production fo
addressing steam turbine. The second one is t
major reinforcement of syngas LHV by
transferring TAR to CO and H2. It can be
noticed that tar removal processes consume
certain level of electricity for removing about
20% LHV (Lower Heating Value) from the 
syngas 
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8. Nomenclature 
 

pC  Heat capacity (J/(mol K)) 

F  Flow rate (mol/s) 

H  Enthalpy (J/mol) 
H  Enthalpy (J/kg) 

0
fh  Standard formation  enthalpy (J/mol) 
8 
NS  Species number 

R  Ideal gas constant (J/(mol K)) 

r  Reaction rate (mol/(m3 s)) 
T  Temperature (K) 

refT  Reference temperature (K) 

x   Mass fraction (kg/kg) 
y   Mol fraction (mol/mol) 

 
Superscripts 
loc  Local 

Out  Output 

Plas  Plasma gas 

Syn  Syngas 

 
Indices 
i  gas species 
j  reaction number 
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