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Abstract – Biomass is being used widely for energy production in various ways. One of the main schemes for energy production from 

biomass is gasification, and a powerful tool for optimising the behaviour of biomass gasifiers and also obtaining the required design for 

specific working conditions is the modelling. An integrated kinetic model was built by the authors ( [1], and [2]), which enabled to 

simulate, design and optimise the processes of downdraft biomass gasifiers for the production of high quality syngas. In the current 

research presented in this paper, the kinetic code has been extended by including detailed chemical mechanisms for the tar evolution and 

formation inside the gasifier. The model incorporated the evolution of 4 main tar species from pyrolysis to combustion and gasification 

with the formation and kinetic reaction rates of benzene, naphthalene, toluene, and phenol tar compounds. The effect of varying moisture 

content (MC) and equivalence ratio (ER) is studied to find out the optimum working conditions leading to the reduction of tar amount in 

the producer gas from downdraft gasifiers. The results reveals that moderate ER of 0.3, with lower MC<10%, leads to the production of 

higher quality syngas with lower tar amounts.  
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1. Introduction 
One of the promising alternatives to fossil fuels is biomass. It is clean, renewable energy source, and environmentally 

friendly. Biomass can be converted into useful energy by gasification or into bio-oils through pyrolysis [3]. Particularly, 

biomass gasification is being used to convert biomass materials to useful gases (e.g. CO, H2, and CH4), with some dilution 

gases (N2, and CO2) and tar [4], and [5] which degrade the quality of the producer gases. Tar has a wide range of boiling 

points hydrocarbons that consists of one to five-ring aromatic hydrocarbons as reported by [6]. Generally tar can be defined 

as all hydrocarbons that have a molecular weight higher than benzene (C6H6) and can be formed in hundreds of chemical 

compounds, but in most cases, about 20 species are present in significant amounts [7]. Finally, tar is a totally undesirable 

product from biomass gasification, as it can create many problems like condensation and plugging of downstream equipment 

[8]. 

 Modelling is used to simulate gasifier behaviour at different working conditions. Researchers used equilibrium models 

[9], and [10] based on one global reaction mechanism to predict the product gas composition and gasification temperature at 

some extend. However, equilibrium models are less accurate compared to kinetic models, and it also gives an over prediction 

for the higher heating value and H2 output with lower amounts of CO [11]. On the other hand, kinetic models are used to 

overcome those problems and proved to be able to simulate a wider range of working parameters of a gasifier e.g. (producer 

gas composition, temperature distribution along gasifier, heating value and gasifier design ( [1], and [2]). Some other models 

were used to predict the tar formation during biomass gasification (e.g. see Ref. [12], [13], and [14]). Those models are 

usually standalone models which do not combine the gasification process and syngas production.  

The current work is an extension of the existing kinetic model developed recently by the authors [1] – a four-zone 

integrated kinetic model used a novel approach which optimises the reduction zone length to predict the gas composition 

and temperature along a gasifier with a total amount of tar. The model also used to optimise the gasifier design based on the 
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working conditions and feedstocks used. Tar was assumed to be having one compound represented by formula (C6H6.62O0.2). 

The current research presents an extension of the kinetic code to study the specific tar species evolution and formation along 

the gasifier height. 4 main tar species will be traced from devolatilization trough oxidation and reduction zones. When 

designing a gasifier, a well understanding of the tar and different gas species formation and kinetic reactions, and the effect 

of working parameters on them, should be of a high importance. The model will be further used to optimise the design of a 

gasifier to produce a higher quality producer gas (higher HV, and lower tar content) based on a sensitivity analysis depending 

on varying MC and ER. To the best of our knowledge, there is no other kinetic model that includes tar formation tracked 

from each zone, and how they influence on the production of different gas species along the gasifier height at different zones. 
 

2. Tar Species Modelling 
Tars can be classified as primary, secondary, and tertiary [6] depending on many factors. Pyrolysis products mainly 

yield primary tars (e.g. phenol, and acetol) and condensable molecules at a temperature under 973K. During oxidation and 

gasification, and at higher temperatures, primary tars tend to be converted to secondary and tertiary tars (e.g. benzene, 

naphthalene, acenaphthylene and pyrene) [12]. Primary tars formed during pyrolysis are composed of more than 100 species, 

yet their formation and kinetic rats are not well known. So, the model will use simplified compounds representing each group 

by studying the rate kinetics of four main tar species (benzene, naphthalene, toluene, and phenol). Phenol can represent 

primary tars. Toluene is the best representative for secondary tars, while benzene and naphthalene as a PAH represent tertiary 

tars. The four compounds were also found to represent (70-95)% of the tar species formed during biomass gasification, so 

modelling those species will help to mimic the tar formation in a downdraft gasifier.  

  
2. 1. Pyrolysis Tar Formation 

After drying, and while temperature increases, biomass starts to decompose into volatiles, char and tar. Tar 

decomposition in pyrolysis is addressed based on [14] who reported parameters for the empirical correlations of pyrolysis 

products based on the experimental data taken from [15]. The results give the mass yield of tar evolution during the pyrolysis 

process in g tar/ kg biomass. More details of pyrolysis tar formation in the current model are stated in [16]. 
 
2. 2. Combustion and Reduction Zones: Tar formation and destruction 

Pyrolysis products are used as a feed for the combustion zone. The reactions in combustion and reduction zones are 

based on the kinetic rate reactions stated in [16]. The model incorporates 18 different kinetic reactions, between volatile 

gases and tar species. All reactions take place after the energy balance to estimate the exact temperature of each zone through 

a backward calculation.  
 

3. Results and Discussions 
The model is first validated, and then further used to study the effect of working parameters on the tar formation. 

 
3. 1. Model Validation 

       Due to the lack of data about tar species formed in downdraft gasifiers, the model validation is currently limited 

to the mass balance calculations. However, the work is underway for the further validation and assessment against 

experiment being carried out by the authors at KHT institute, Sweden. Nevertheless, the total tar produced by the model 

was already verified at [16] and found to be in very good agreement with experimental data.  
Fig. 1 shows the mass balance calculation results derived from the kinetic code for rubber wood used as feedstock at different 

equivalence ratios with a constant moisture content of 10%. Total mass input including biomass and air is calculated and 

mass output for the producer gas and tar species is added as well. The results tend to be fair and prove the model stability at 

different working conditions. 
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Fig. 1: Mass balance between input and output for Rubber wood gasification. 

 
3. 2. Tar Formation along Gasifier Height 

The set of results shown in Fig. 2 illustrates the distribution of different tar species along the gasifier height. Again 

rubber wood feedstock was used in this case with a fixed MC of 10%, and the effect of varying ER was studied. Increasing 

ER results in a significant increase of temperature and hence increases the reaction rates of combustion zone, which further 

leads to the tar destruction and consequently, decreases the tar amount as shown. 

 

  

  
Fig. 2: Tar species formation along gasifier height. 

        
         Toluene and phenol show having a small variation and tend to be found in very small amounts, because both are primary 

tars. Primary tars tend to be converted into secondary and tertiary tars while temperature increases above 773 K [17]. 

Temperature profile of this case was discussed in [16], and showed that the combustion temperature was around 1350K. On 

the other hand, naphthalene is found in a considerable amount and shows a decrease with temperature and ER increase. 

Naphthalene also tends to be converted into C, CO, H2, and benzene based on the reactions stated in [16]. Overall, benzene 

shows the highest portion of tar species based on [15], and [13], and usually greater than 37% by weight of total tars produced 
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[8].  The higher amounts of both benzene and naphthalene are mainly due to primary and secondary tars conversion in 

oxidation and reduction zones. Furthermore, both require higher temperatures (>1600K) to start cracking, and the oxidation 

temperature is usually lower than this value. The result shows good agreement with previous works and thus further proves 

the model’s capability and stability over changing working parameters. Sensitivity analysis also is carried out and showed 

that moderate ER of 0.3, with lower MC<10%, leads to the production of higher quality syngas with lower tar amounts. 
        

4. Conclusion 
        A detailed kinetic model for specific tar species formation along downdraft gasifiers was built. The model incorporates 

4 main tar species; benzene, naphthalene, toluene and phenol, which covers all the categories of tar compounds. The model 

was successfully verified with previous works, and results presented showed the evolution and distribution of tar species 

along gasifier zones with different working conditions. Sensitivity analysis was carried out and ER ~ 0.3 and MC ~ 10% 

resulted the production of lower tar amounts with higher quality syngas. Furthermore, the authors are working on new 

techniques towards an effective tar destruction method in downdraft gasifiers. 
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