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Abstract 

A kinetic model was built to estimate the optimum working parameters of a downdraft 

gasifier, in which a set of chemical kinetics at each zone of the gasifier was described. The 

model deals with a wide range of biomass types with elemental composition ranges of 

(38≤C≤52) %, (5.5≤H≤7) %, and (36≤O≤45) %. This model is able to predict gas 

composition, tar content, temperature and height of each zone, as well as temperature, 

velocity and pressure distribution at reduction zone with heating value of product gas. The 

model also gives full design dimensions of a downdraft gasifier. The final results, which 

proved to be in a good agreement with experimental works under different working 

conditions of biomass type, moisture content, and air-to-fuel ratio, are based on a new 

approach that includes calculation of the optimum height of the reduction zone. Calculation 

based on the optimum height ensures that all the char produced is consumed in the reduction 

zone, thus leading to the production of the maximum amount of gases. Results conclude that 

biomass with a moisture content less than 10% and equivalence ratio of 0.3-0.35 leads to the 

production of higher yield of syngas with low tar content. In particular, woody biomass 

materials are found to give the higher heating value for producer gas with a reasonable 

amount of tar. 
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1. INTRODUCTION 

The world is continuously looking for new alternative sources for energy production which 

are clean, sustainable and renewable. Biomass, which is considered to be one of the most 

promising alternatives for fossil fuels nowadays, can be converted into solid, liquid and 

gaseous fuels for generating energy. Additionally, biomass does not contribute to the 

greenhouse effects, which is therefore an advantage against the fossil fuels. Besides it is a 

renewable source of energy. Therefore, researchers are working for the energy production 

using biomass ( [1], [2], [3], [4], [5], and [6]). 

The most common use of biomass for energy is direct combustion, followed by gasification, 

carbonization, and pyrolysis [1]. Biomass gasification is one of the most promising 

techniques to convert solid fuels into useful gaseous fuels which can be broadly used in many 

industrial applications such as in combined heat and power generation [6] and internal 

combustion engines for various means of transportations. Gasification is a thermochemical 

process that converts a solid fuel into a gaseous fuel at temperatures around 900°C. It 

produces CO, H2 and small amounts of CH4 as desired products with other undesired gases 

like N2, CO2, and other hydrocarbons (HC). 

Modelling biomass gasification is a favourable technique that can simulate the gasifier 

design, output parameters, working conditions, etc. It is understood that a pure 

thermodynamic model cannot predict the product gas of a gasifier because it gives an over 

prediction for the higher heating value (HHV) and the H2 output. And a thermodynamic 

model also predicts the lower amounts of CO but with the higher amounts of CH4 [5].  

Altafini et al. [7] presented a kinetic model taking into account that the reduction reactions 

are generally slower than the oxidation reactions by several orders of magnitude. The way to 

measure these effects is driven through the reaction rates which are the key for identifying the 

reaction formations and rates. Using high temperatures for the reduction reactions, the 

equilibrium model products may deviate from their reality due to the kinetic constant 

variations which strongly affect the gas composition. Thus, the kinetic models are more 

suitable and accurate to predict the gas composition. 

However, the previous kinetic and equilibrium models have some limitations. Budhathoki [8] 

introduced a model based on the combination between the kinetic approach for the reduction 

zone and the thermodynamic equilibrium for the other zones. This model was compared with 

other experimental works for wood biomass and was found to be in a good agreement for gas 
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composition except for methane in which it gave higher prediction rates. Ratnadhariya and 

Channiwala [9] proposed a new model for modelling biomass gasification. It is composed of 

three different zones, in which drying and pyrolysis is the first zone followed by the 

combustion and reduction zones. The model is a combined system of the stoichiometric 

model with assumptions for the pyrolysis and oxidation zones for predicting the output gases. 

This model provides the operating range for the woody biomass materials only. While 

Dejtrakulwong et al. [10] built a four-zone kinetic model showing the effect of moisture 

content and air-to-fuel ratio on the temperature and height of each zone, which is useful in 

gasifier design evaluation.  

Additionally, the kinetic models presented in the published literatures have further limitation 

and lack depth in reporting some details like biomass variety, tar formation and optimum 

working conditions. For instance, Budhathoki [8] reported that his model is only valid for 

wood biomass material, and it does not take into account any tar formation and higher 

hydrocarbons. Several other researchers (e.g. see [11], [12]and [13]) only discussed the effect 

of changing biomass moisture content on the producer gas composition and its heating value, 

and they showed that a higher moisture content reduces the heating value. However, they did 

not show any possible effects on the residuals and tar content. Furthermore, they did not 

discuss the effect of other working parameters like the equivalence ratio. A thermochemical 

equilibrium model developed by [14] predicts biomass gasification of different biomass 

materials with effect of moisture content and air-to-fuel ratio on the producer gas heating 

value, but again this study excludes tar content and discussion on the producer gas quality. 

We develop a four-zone integrated kinetic model allowing to investigate the effect of 

moisture content and air-to-fuel ratio on the temperature and height of each zone, which is 

useful in gasifier design evaluation. The current kinetic model will focus on these challenges 

and try to address the issues highlighted above. 

Moreover, all the previously published articles discussed the gasification kinetic model with a 

constant height of the reduction zone of gasifier (e.g. see [9] , [10], [15], and [16]). Based on 

the review, this is the first time the model presented in this work incorporates the effect of 

height of the reduction zone on the concentration of different species of product gases as 

predicted. Taking into account a wide range of biomass materials covered by the model, the 

study will also focus on the prediction of tar content and try to find the optimum working 

conditions leading to the production of high quality syngas as well as biomass materials that 
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give a higher yield of syngas with a low tar content. The model will further provide useful 

information for the full design of a downdraft gasifier based only on a desired thermal power. 

Further to be noted that to the best of our knowledge, there appears to be no previous model 

that includes the product gas composition, tar content and a full design of gasifier. The model 

will address the gasifier design based on the key parameters like the throat diameter and fuel 

feeding rate and its effect on other working parameters. 

 

2. MODELING PROCEDURE 

The proposed model is built through a set of chemical kinetic schemes to predict the full 

design principles for a downdraft gasifier which depends on a series of reactions taking place 

in the gasifier. Biomass gasification is done through the four main steps: drying, pyrolysis, 

oxidation and gasification / reduction as shown in Figure 1. A schematic drawing of a 

downdraft gasifier is shown in which biomass is fed from the top of the gasifier into the 

drying zone and air is fed into the oxidation zone for combustion process and then the 

product gas is driven from the down of the gasifier. The tar is collected in the bottom.  

The model is assumed to be 1D, and all char is consumed in the reduction zone and air is 

used as a gasifying medium. Modelling involves an integration of the four zones and the 

thermochemical kinetic processes associated with the main zone elaborately explained in the 

following sections. The output of each zone of gas composition is considered as an input for 

the next one based on Figure 1. 

2.1 Drying Model  

The drying zone receives heat from oxidation which leads to an increase of temperature. The 

initial temperature is supposed to be 298 K, however when the temperature reaches 368 K, 

the vaporization of moisture content starts until it reaches 473 K as mentioned by [10]. At 

this temperature the pyrolysis begins automatically, thus the devolatization of biomass occurs 

[10]. The rate at which the drying reaction taking place is determined by the equation below ( 

[10] and [17]). Constant drying temperature is used in calculations as 400 K to ensure that the 

drying process is complete. 

𝑟𝑑 = 𝐾𝑑. 𝐶𝐻2𝑂,𝑙,  

 

 

(1) 

𝐾𝑑 =  𝐴𝑑 exp (
−𝐸𝑑

𝑅 𝑇𝑑
), (2) 

Where, the constants used in the drying model are summarised in Table 1. 
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2.2 Pyrolysis Model 

Biomass after drying first decomposes into volatiles and char, then these components further 

react with each other to form char and volatiles again as shown in Figure 2. Volatiles contain 

gases such as CO, CO2, CH4, H2 and H2O, as well as other hydrocarbons, tar and sulphur 

components. The release of volatiles however depends on the ultimate analysis of a biomass 

and its volatile and ash content. The chemical reaction processes occurring in the pyrolysis 

zone are described by the kinetic equations in Eqns. (3-(9), [18].  

 
𝑑𝐶𝐵

𝑑𝑡
=  −𝐾1𝐶𝐵

𝑛1 −  𝐾2𝐶𝐵
𝑛1, (3) 

𝑑𝐶𝐺1

𝑑𝑡
=  𝐾1𝐶𝐵

𝑛1 −  𝐾3𝐶𝐺1
𝑛2𝐶𝐶1

𝑛3, (4) 

𝑑𝐶𝐶1

𝑑𝑡
=  𝐾2𝐶𝐵

𝑛1 −  𝐾3𝐶𝐺1
𝑛2𝐶𝐶1

𝑛3, (5) 

𝑑𝐶𝐺2

𝑑𝑡
=  𝐾3𝐶𝐺1

𝑛2𝐶𝐶1
𝑛3 =  

𝑑𝐶𝐶2

𝑑𝑡
, (6) 

Where,  

𝐾1 =  𝐴1 𝑒𝑥𝑝[ (𝐷1/𝑇) + (𝐿1/𝑇2)], (7) 

𝐾2 =  𝐴2 𝑒𝑥𝑝[ (𝐷2/𝑇) + (𝐿2/𝑇2)], (8) 

𝐾3 =  𝐴3 𝑒𝑥𝑝[ (−𝐸/𝑅𝑇)]. (9) 

Equation (3) shows the decomposition of virgin biomass CB with time, while equations (4(6) 

represent the decomposition of gases and char respectively to form the final concentration of 

char and volatiles (gases) into two steps. The kinetic constants used for these equations are 

illustrated in equations (7(9) where A, D, and L are the best fit values of the kinetic 

parameters of the primary pyrolysis reactions and their values are illustrated in Table 2. The 

following initial conditions are used for solving the coupled ordinary differential equations 

(3)-(9), e.g. at t = 0, CB = 1 and CG1 = CC1 = CG2 = CC2 =0. 

Babu et al. [18] determined the optimum parameters for pyrolysis through a wide range of 

heating values and temperatures during isothermal and non-isothermal processes and found 

that the optimum conditions for non-isothermal process are as stated in Table 3. Optimum 

parameters ensure that all biomass successfully converted into volatiles and char and final 

concentration of virgin biomass left is less than 0.03. While they showed that the optimum 

temperature for pyrolysis is 1259 K, the temperature is still very high to handle before 
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oxidation and this will require a higher temperature in the oxidation zone plus specific design 

materials for gasifier. As a consequence we choose a temperature of 873 K as an initial guess 

for the solution, as the pyrolysis process is very slow below 773K as reported by [10]. This is 

then followed by solving the pyrolysis and energy balance equations to determine the actual 

temperature and using this, the pyrolysis products are finally calculated. The volatiles are 

assumed to be CO, CO2, CH4, H2, H2O, and tar. The importance of this part is that it gives the 

final concentration of char and volatiles; after which the concentration of char is known at the 

end of devolatization and is used for the next step in which the volatiles concentration is 

predicted.  

Sharma [16] introduced a new model to predict the percentage composition of volatiles and 

he considered a one-step model for the biomass pyrolysis as follows  

𝐶𝑎H𝑏𝑂𝑑   →  𝑥1𝐶 +  𝑥2𝐶𝑂 +  𝑥3𝐶𝑂2  +  𝑥4 𝐶𝐻4  + 𝑥5𝐻2   +  𝑥6𝐻2𝑂 +
 𝑥7𝐶6𝐻6.2𝑂0.2, 

(10) 

 

Where 𝐶𝑎H𝑏𝑂𝑑 represents biomass, x is the concentration of different species of pyrolysis 

products in mol, C6H6.2O0.2 is the tar chemical formula as considered by many researchers e.g. 

[16]. The mass fraction (Y/Y) empirical relations used are; 

 
𝑌𝐶𝑂

𝑌𝐶𝑂2

= 𝑒𝑥𝑝 (−1.845 +  
7730.3

𝑇
−

5019898

𝑇2 ), (11) 

 

𝑌𝐻2𝑂

𝑌𝐶𝑂2

= 1, (12) 

 

𝑌𝐶𝐻4

𝑌𝐶𝑂2

= 5 × 10−16 × 𝑇5.06. (13) 

 

2.3     Oxidation Model 

The oxidation zone supplies the required heat for drying and pyrolysis. Biomass combustion 

requires gasifying medium (air) to complete. If the air is less than the stoichiometric amount 

required, the gasification (reduction) process will take place to produce syngas. The oxidation 

process taking place through the chemical reactions are illustrated in Table 4 and 

Table 5. Pyrolysis products are oxidized in an order that depends on the reaction rate [16] as 

follows; 

 Oxidation of all the hydrogen completes first (R1). 

 Oxidation of CO then takes place (R2). 
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 If oxygen still remains, it will oxidize methane from pyrolysis (R3). 

 And if more oxygen is available, it will oxidize tar and char according to their 

reaction rates (R4 and R5). 

An energy balance is made for the combustion stage to determine the oxidation temperature 

based on equation (14) 

∑ Xi . (hf +  Cp. ∆T)
pyrolysis products

= ∑ Xi . (hf + Cp. ∆T)
combustion products

+

Qloss  

(14) 

 

The heat loss is mentioned in the oxidation zone only as it is higher in temperature than other 

zones, and the overall heat loss is assumed to be 10% of the product of the equivalence ratio 

(ER) and HHV [19] . The same energy balance principle is made for the pyrolysis and 

reduction zones. 

Based on the energy balance, assumptions only were made for the inlet temperature (298 K), 

then the temperature profile along the gasifier was calculated.  

  

2.4 Reduction model  

Production of producer gases starts from the reduction zone and hence, a detailed kinetic 

model was also used at this zone to determine all the data required along the reduction zone 

length/height. The change in mole fractions of any gas species at the reduction zone along the 

distance z (reduction height/length) is determined by [10] ; 

𝑑𝑛𝑥

𝑑𝑧
=

1

𝑣
(𝑅𝑥 − 𝑛𝑥

𝑑𝑣

𝑑𝑧
) 

(15) 

 

The reactions considered for the reduction zone are illustrated in Table 6. Reaction rates ri are 

given in Table 7 .  

Velocity, temperature, and pressure variations along the reduction zone are obtained through 

the solution of the following differential equations [15] 

𝑑𝑣

𝑑𝑧
=

1

∑ 𝑛𝑖𝐶𝑝𝑖𝑖

,

[
∑ 𝑛𝑖𝐶𝑝𝑖𝑖 ∑ 𝑅𝑖𝑖

𝑛
  −  

∑ 𝑟𝑖∆𝐻𝑖𝑖

𝑇
 − 

𝑑𝑃

𝑑𝑧
(

𝑣

𝑇
+ 

𝑣 ∑ 𝑛𝑖𝐶𝑝𝑖𝑖

𝑃
) − ∑ 𝑅𝑖

𝑖

𝐶𝑝𝑖] 
(16) 

𝑑𝑇

𝑑𝑧
=

1

𝑣 ∑ 𝑛𝑖𝐶𝑝𝑖𝑖

,

[∑ 𝑟𝑖∆𝐻𝑖
𝑖

  −  𝑣
𝑑𝑃

𝑑𝑧
 −  𝑝

𝑑𝑣

𝑑𝑧
  −  ∑ 𝑅𝑖

𝑖

𝐶𝑝𝑖 
𝑇] 

(17) 

 

𝑑𝑃

𝑑𝑧
= 1183 (

𝜌𝑔𝑎𝑠

𝜌𝑎𝑖𝑟
 𝑣2) + 388.19 𝑣 − 79.896 

(18) 
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In the numerical solution procedure, the set of governing equations stated above is discretized 

by dividing the reduction zone into equal small zones and solved simultaneously. The initial 

conditions or the inlet conditions of the reduction zone are taken from the outputs of the 

combustion zone. The initial pressure and temperature at the reduction zone inlet were 

assumed to be 1.005 atm, and 1300 K based on ( [20], [16]). The equations were solved with 

a Matlab code ode45 which is based on an explicit Runge-Kutta 4th order accurate scheme, 

giving the residual tolerances in the order of 10-6. Concentration of the product gases, 

velocity, temperature, and pressure distribution in the reduction zone are obtained and 

discussed in the result sections. 

 

2.5 Gasifier design principles 

The velocity of pyrolysis gas flow through the gasifier is calculated from the following 

equations [10]; 

𝑣𝑔 =
2𝑅𝑇𝑝

𝑃 
∑ 𝑁𝑔,𝑖

𝑛

𝑖

 
(19) 

 

𝑁𝑔𝑖 =  
4 𝑥𝑔𝑖 𝑚𝑏

𝜋 𝐷2
 

(20) 

 

The biomass feeding rate is calculated from Rathore [21] based on the input thermal power 

(Wth) of a gasifier 

�̇�𝑓 =
𝑊𝑇ℎ 

𝐻𝐻𝑉𝑓
 

(21) 

 

Equation (22) describes how the throat diameter at the end of combustion zone is calculated. 

𝐺𝐻 =
2.5 �̇�𝑓 

𝐴𝑡ℎ 
 

(22) 

 
The hearth load (GH) is defined as the amount of produced gas at normal conditions per unit 

area of throat [21]. The recommended value of GH is within the range of 0.1-1 [22] and [21], 

so a value of 0.35 is used in our calculations based on [22] and [23]. In addition, [24] 

reported that the throat angle of around 45° gives a higher conversion efficiency though in 

some studies a throat angle of 60° is also recommended. After calculating the throat diameter, 

the fire box (pyrolysis and drying) zone diameter is estimated by [21], 

𝐷𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠  = 3.5 𝐷𝑡ℎ (23) 
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The height of drying and pyrolysis is calculated from the ratio of the volume of biomass 

consumed to the cross-sectional area of pyrolysis as follows 

𝐻𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 =
𝑉𝑝𝑦

𝐴𝑝𝑦
=  

𝑚𝑏𝑚

𝜌𝑏𝑚 𝐴𝑝𝑦
 

(24) 

 

The air nozzle area is given as a ratio of 0.05-0.09 from the throat area and it is recommended 

that the air nozzles will be located around the oxidation zone with a number of 4-6 nozzles in 

a position to prevent any dark zones in combustion [21]. The diameter at which the air 

injection starts is in the position where the diameter of the oxidation zone is 2-2.5 of the 

throat diameter [24]. Air injection at this diameter will keep away the dark zones at oxidation 

area. The reduction zone diameter is assumed to be the same diameter of the pyrolysis zone. 

 

3. RESULTS AND DISCUSSION 

3.1 Optimum height of the reduction zone 

Optimum height of the reduction zone is the height at which char in this stage is completely 

consumed [10]. Equation (15) is solved to get the optimum height for the reduction zone and, 

calculations of the different species concentrations are done and compared based upon this 

optimum height. That will ensure the consumption of all char in the reduction zone leading to 

the production of the maximum amount of useful gases with a lower content of CO2 based on 

the gasification reactions. 

Several factors such as biomass moisture content, air-to-fuel (AF) ratio, and temperature at 

the beginning of reduction affect the height of reduction zone. For example, it was reported in 

[16] that the height of reduction reduces with an increasing moisture content and air-to-fuel 

ratio. Figure 3(a) shows the relation between the moisture content and the reduction zone 

height for Gulmohar, Bamboo, and Neem [25]. It is clearly seen that as the moisture content 

increases, the height of the reduction zone decreases. This is because higher water content in 

biomass requires more heat for removal and hence increases the temperature at the oxidation 

and reduction zones. The temperature increase leads to a direct increase in the reaction rates 

and hence decreases the height of the reduction zone.  

Figure 3(b) illustrates the effect of a varying equivalence ratio on the height of the reduction 

zone. It also shows that as the equivalence ratio increases, the height decreases. This is 
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because increasing the equivalence ratio increases the amount of air added and this in turn 

increases the oxidation temperature and hence the reduction temperature. 

The effect of varying the inlet temperature of reduction on the height of reduction zone is 

presented in Figure 3(c). As the temperature increases, the height decreases because higher 

temperatures give higher reaction rates as well as formation of different gas species. This 

affects the destruction of carbon in the reduction zone and hence a decrease in the height as 

shown. 

 

3.2 Distribution of different gas species along the reduction zone 

Gas concentrations and variations along the reduction zone are calculated based on equation 

(15). Figure 4 shows a linear distribution for all the different gas species in the reduction 

zone. Rubber wood with MC 20% and Φ 0.32 is used in this case. The reactions in reduction 

are very fast due to the high temperature in the reduction zone (around 1000 K). The 

formation of different gas species depends on the velocity, temperature, and concentration of 

the gas species at the end of combustion zone. Referring to equation (15) which describes the 

formation of gas species along the reduction zone height, and also Table 6 and Table 7 which 

describes the reduction reactions and their equivalent rate of formation, higher rates of 

formation for CO and H2 are expected. However, variation of CH4 is very small as its 

concentration is very small at the beginning of reduction and its formation rate was also small 

due to lower reaction rates. Formation of CO2 is expected to decrease along the reduction 

zone as it is converted into CO based on the reduction reactions. The results also show a good 

agreement with those reported in [20]. 

3.3 Gasifier design principles and producer gas composition 

Table 8 shows a comparison between the results from the present model and the theoretical 

design model of [26]. The results show a fairly good agreement for all the dimensions except 

for the reduction zone length. However, it was stated in [26] that the reduction length was not 

based on any known calculations but was based on assumptions. While Ref. [10] shows that 

the reduction zone length varies from 20-50 cm which has a good agreement with the results 

derived from the present model. 

Table 9 shows the ultimate analysis for different feedstocks used in the model. A wide range 

of biomass materials (38≤C%≤52, 5.5≤H%≤7, and 36≤O%≤45) are tested with various 

working conditions to validate the model as presented in  
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Figure 5. The results of the producer gases also show a fairly good agreement with other 

experimental results, which further proves the ability of the kinetic model operating under 

different working conditions for a wide range of biomass composition. Tar formation is also 

taken into account which was not discussed clearly by any previous numerical models. 

Additionally, the experimental papers, used for the validation of the producer gases, do not 

mention the tar formation, thus other experimental data [27] were used to validate the results 

of the tar formation predicted through the current model. Figure 6- Comparisons between the 

experimental  and present work for the tar yield in producer gas. The results show good 

agreement which further proves the ability of the present model to simulate  tar content in the 

producer gas. 

Figure 7 (a, b) shows the variations of temperature along the gasifier where the maximum 

temperature is located at the oxidation zone. Higher moisture content levels require more heat 

for removal in the pyrolysis zone as shown in both the figures. The temperature profile 

predicted by the kinetic model also has a very good agreement with that of the computational 

fluid dynamics (CFD) study of biomass gasification carried out recently by Kumar et al. [29] 

in a downdraft gasifier with a volatile break-up approach. 

3.4 Effect of moisture content on the producer gas quality 

After validating the current model, it was used to address the optimum working conditions 

for a gasifier to get higher quality syngas. Figure 8 presents the results of the effect of 

changing the moisture content on the output producer gas in terms of the higher heating value 

(HHV) for different feedstocks at a fixed working condition of power (20 kW) and air-to-fuel 

ratio (0.35). The results clearly show that a lower amount of water content in biomass leads to 

a significant increase in the heating value which has a good agreement with [11], [8] and 

[12]. Moreover, lower moisture content leads to a significant increase of CO and H2 which 

then leads to an increase of the heating value. In contrast, higher levels of moisture content 

require more energy for removal, which is never recovered again. This energy loss affects the 

produced gas and reduces its heating value. The results further show that a decrease of 

biomass moisture content from 20% to 5% leads to an increase of the produced gas heating 

value of 10-22%. On the other hand, Figure 9 discusses the effect of moisture content on the 

produced gas quality. The results show that the higher moisture content leads to an obvious 

increase of tar content. Tar formation starts from the pyrolysis zone and during combustion, 

and more water vapour tends to reduce the tar cracking reactions because of a slower reaction 

rate compared to the CO and H2 oxidation. The results also show that a decrease of biomass 
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moisture content from 20% to 5% leads to decrease of tar content of about 18-26%. Based on 

the current study about the effect of moisture content on the produced gas, lower amount of 

moisture leads to higher value gases with a lower amount of tar. Recommended values of 

moisture content those give a higher yield and quality of syngas must be no more than 10%. 

 

3.5 Effect of equivalence ratio on the producer gas quality 

Figure 10 illustrates the effect of changing the equivalence ratio on the producer gas heating 

value for different feedstocks at fixed working conditions of power (20 kW), and moisture 

content (10%). The results show a gradual increase of the heating value with a decreasing 

equivalence ratio. Referring to the oxidation reactions and their equivalent rate (Table 4), 

more air supply in the combustion zone encourages the oxidation reactions to occur with 

more CO2 and H2O. This also leads to a decrease in the tar content due to the tar cracking 

reaction that takes place with more oxygen supply in the oxidation zone, as clearly seen in 

Figure 11. Moreover, the results show an increase in the producer gas heating value of 25-

30% while decreasing Φ from 0.4 to 0.2. Tar yield also increases from 16% to 50% with the 

same level of magnitude drop in Φ. Complex tar compounds were not taken into account in 

the current study, and the tar cracking in model depends only on the combustion reactions in 

Table 4 and Table 5.   

In conclusion an equivalence ratio of 0.3-0.35 with lower amounts of moisture content less 

than 10%, gives a higher yield of syngas composition with reasonable amounts of tar content. 

In particular, woody biomass materials give a higher yield of syngas while olive wood has a 

heating value up to 6.4 MJ/Nm3 at Φ=0.2 and MC of 10%. Higher value of Φ gives a lower 

heating value for wood pellets and saw dust. The tar content was also lower for wood 

(1.65%) at Φ=0.4. 

  

3.6 Gasifier design and operating conditions 

Table 10 illustrates the effect of changing the biomass type on the gasifier design. The results 

show a variation in the fuel feeding rate dependant on the biomass composition from C, H, 

and O. There are also small variations predicted in the oxidation and reduction height, 

pyrolysis and throat diameter, and air injection area. The gasifier dimensions are quite similar 

for all the types except for the rice husk. Rice husk has very low carbon and hydrogen content 

which affect the heating value of biomass. The decrease in the heating value (based on 
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equation (21)) leads to an increase in biomass feeding rate, and hence an increase in the 

corresponding gasifier dimensions to accommodate the higher mass and volume of biomass. 

Varying the thermal power is found to affect the gasifier dimensions, but it has no effect on 

the gas composition. The effect of changing thermal power is related to the fuel feeding rate 

which is again related to the volume occupied by biomass inside the gasifier and thus, it 

changes the gasifier design. While changing both of the moisture content or equivalence ratio 

(Φ) analysed in the previous sections have a great effect on the gas composition and its 

heating value, it is found to have no effect on the gasifier design. 

 

3.7 Key design parameters and its effect on the working conditions 

Throat diameter and fuel feeding rate are the key parameters in designing a gasifier. All the 

other dimensions can be generated using these two parameters. As a result, studying the 

effect of varying thermal power from 1kW to 1MW for different biomass types is shown in 

Figure 12 and Figure 13. Figure 12 shows the effect of changing required thermal power on 

the throat diameter design. The results show higher throat area for higher power. This is 

because higher power requires more biomass feeding and hence, bigger volume for pyrolysis 

and combustion zones.  

Figure 13 shows the effect of changing the required thermal power on the biomass feeding 

rate. The results show a linear variation for the feeding rate as it is calculated from equation 

(21) which is a linear relation between the thermal power, feeding rate, and biomass heating 

value. 

 

4. CONCLUSION 

The current work presents a four-zone kinetic model for a downdraft gasifier in which the 

gasification products are determined using a novel approach that includes an optimum length 

of the reduction zone. It gives accurate results for the producer gas composition, tar content, 

and gives also predictions for the dimensions of a downdraft gasifier. Previous models never 

combined the gas composition, tar content, and gasifier dimensions in one work. 

The design theory in this model was built based on the optimum height of the reduction zone, 

which was not discussed before in any published work. Finally, the results from this model 

was used to test a wide range of biomass materials to conclude the optimum working 

conditions and best feedstocks that give higher yields of syngas with a  lower tar content. Key 
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design parameters for a downdraft gasifier are mentioned and the effects on the working 

conditions are discussed using the current model. 

An equivalence ratio of 0.3-0.35 with lower amounts of moisture content less than 10%, 

gives a higher yield of syngas composition with reasonable amounts of tar content. In 

particular, woody biomass materials give a higher yield of syngas while olive wood has a 

heating value up to 6.4 MJ/Nm3 at Φ=0.2 and MC of 10%. The tar content was also lower for 

wood (1.65%) at Φ=0.4. 

Future work on the model will try to incorporate a tar destruction system with new techniques 

to further increase the producer gas heating value.  
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NOMENCLATURE 

 

 

Upper case letters Abbreviations 
A Pre-exponential factor,   (s-1) B biomass 

C Concentration (mol/m3) C char 

D Diameter (m)   

E Energy,  (kJ/mol) MC Moisture content, (%) 

H Enthalpy,  (kJ/mol   A/F Air to fuel ratio 
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K Kinetic  constant,   (s-1) ER Equivalence ratio 

M Molecular mass, (kg/mol)  CRF Char reactivity factor 

P Pressure,  (Pa) HR Heating rate,   (K s-1) 

GH Hearth Load  (Nm3/ (h.m2)) HHV Higher heating value  (kJ/kg) 

T Temperature,  (K) G                   gases 

R Net rate of formation, (mol m-3s-1) Nm3             Normal cubic meter 

V  Volume (m3) py 

Subscripts 
A 

pyrolysis 

 

 

atmospheric 

W Power (W) 

 

Lower case letters d drying 

cp Specific heat at const. pressure, 

(J. mol-1 . K-1) 

f fuel 

m Mass,  (kg) g Gases 

n no. of moles,    (mol) i Species 

r Reaction rate,  (mol m-3s-1) l liquid 

t Time,  (s) th thermal 

v Velocity,   (ms-1)   

y composition fraction Greek letters 
z Height,  (m) ρ Density 

  ∑ Summation 

  ∆ Change in state 

 

 



 

Page 19 of 29 

 

List of figures and tables 

Table 1- Data for the drying model [10] 

Ad (s
-1) Kd,  (s

-1) Ed,  (kJ mol-

1) 

Td,  (K) 

5.13×106 0.1652 88 400 

 

Table 2- Parameters of the pyrolysis model [30] and [18]. 

R A (s-1) D (K) L (K2) E  

(kJ mol-1) 1 9.973 ×10-5 17254.4 -9061227 

2 1.068×10-3 10224.4 -6123081 81 

3 5.7×105   
 

Table 3- Optimum values of non-isothermal pyrolysis [18]. 

T  (K) HR (Ks-1) Time (s)  n1 n2= n3 

1259 51 9.53 1 1.5 

 

Table 4- Oxidation reactions ( [16] and [31]). 

R Reaction Aj Ej/R 

1 

 
𝐻2 + 0.5 𝑂2  ↔ 𝐻2𝑂 1.6×109 3420 

2 

 
𝐶𝑂 + 0.5 𝑂2  ↔ 𝐶𝑂2 1.3×108 15106 

3 

 
𝐶𝐻4 + 1.5 𝑂2  ↔ 𝐶𝑂 + 2𝐻2𝑂 1.585×109 24157 

4 

 
𝐶6𝐻6.62𝑂0.2 + 4.45 𝑂2  ↔ 6𝐶𝑂 + 3.1𝐻2𝑂 

  

2.07×104 41646 

5 𝐶 + 0.5 𝑂2  ↔ 𝐶𝑂 0.554 10824 

 

Table 5- Rate expressions for oxidation reactions ( [16] and [31]). 

R           Reaction rate (mol  m-3 s-1) 

1 

 
𝑟𝐻2

= 𝐴1𝑇1.5 𝑒𝑥𝑝 (−
𝐸𝑐𝑜

𝑅𝑇
) . [𝐶𝑐𝑜2

][𝐶𝐻2
]1.5 

2 

 
𝑟𝑐𝑜 = 𝐴2 𝑒𝑥𝑝 (−

𝐸𝑐𝑜

𝑅𝑇
) . [𝐶𝑐𝑜][𝐶𝑜2

]0.25[𝐶𝐻2𝑂]0.5 

3 

 
𝑟𝐶𝐻4

= 𝐴3 𝑒𝑥𝑝 (−
𝐸𝐶𝐻4

𝑅𝑇
) . [𝐶𝑜2

]0.8[𝐶𝐶𝐻4
]0.7 

4 

 
𝑟𝑡𝑎𝑟 = 𝐴4 𝑇. 𝑃𝐴

0.3. 𝑒𝑥𝑝 (−
𝐸𝑡𝑎𝑟

𝑅𝑇
) . [𝐶𝑜2

][𝐶𝑡𝑎𝑟]0.5 
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5 
𝑟𝐶 = 𝐴5 𝑒𝑥𝑝 (−

𝐸𝑐ℎ𝑎𝑟

𝑅𝑇
) . [𝐶𝑜2

] 

 

Table 6- Reduction reactions [15] . 

R Reactions A (1/s) E (kJ mol-1) 

1 

 
Boudouard                    𝐶 + 𝐶𝑂2  ↔ 2 𝐶𝑂 36.16 77.39 

2 

 
Water-gas             𝐶 + 𝐻2𝑂 ↔ 𝐶𝑂 + 𝐻2 1.517×104 121.62 

3 

 
Methane formation         𝐶 + 2𝐻2 ↔ 𝐶𝐻4 4.189×10-3 19.21 

4 

 
 Steam Reforming          𝐶𝐻4  + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 7.301×10-2 36.15 

 

Table 7- Rate expressions for the reduction reactions [15] . 

R Reaction rates       (mol  m-3 s-1) 

1 

 
𝑟1 = 𝐴1 𝑒𝑥𝑝 (−

𝐸1

𝑅𝑇
) . (𝑦𝐶𝑂2

−
𝑦2

𝐶𝑂

𝐾𝑒𝑞,1
) 

2 

 
𝑟2 = 𝐴2 𝑒𝑥𝑝 (−

𝐸2

𝑅𝑇
) . (𝑦𝐻2𝑂 −

𝑦𝐶𝑂
.
. 𝑦𝐻2 .

𝐾𝑒𝑞,2
) 

3 

 
𝑟3 = 𝐴3 𝑒𝑥𝑝 (−

𝐸3

𝑅𝑇
) . (𝑦2

𝐻2
−

𝑦𝐶𝐻4

𝐾𝑒𝑞,3
) 

4 

 
𝑟4 = 𝐴4 𝑒𝑥𝑝 (−

𝐸4

𝑅𝑇
) . (𝑦𝐶𝐻4

𝑦𝐻2𝑂 − 
𝑦𝐶𝑂 . 𝑦3

𝐻2

𝐾𝑒𝑞,4
) 

 

 

Table 8- Comparison between the present and theoretical work for gasifier dimensions 

Working 

parameters 

20 kW power, 

Palm shell , MC 14%, Φ = 0.3 

 Model Ojolo, [26] 

Fuel feed (kg hr-1) 4.0 4.32 

Hpyr             (cm) 48.9 40 

Hoxd             (cm) 11 --- 

Hred             (cm) 30.9 15 

20 – 50 [6] 

Dpyr             (cm) 22.4 23.8 

Dthroat          (cm) 6.4 6.8 

Dair injection  (cm) 17.9 20 
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Table 9- Ultimate analysis for different feedstocks used in model. 

 

 Biomass type C % H % O % Experiment results 

from 

1 Rubber wood 50.6 6.5 42 [27] 

2 Wood Pellets 50.7 6.9 42.4 [32] 

3 Gulmohar 44.43 6.16 41.9 [25] 

4 Bamboo 48.39 5.86 39.21 [25] 

5 Neem 45.1 6 41.5 [25] 

6 Dimaru 44.85 5.98 41.84 [25] 

7 Sisham 45.85 5.8 40.25 [25] 

8 Saw Dust 52 6.07 41.55 [7] 

9 Wood 50 6 44 [33] 

10 Olive wood 46.43 5.63 44.91 [34] 

11 Rice husk 38.5 5.5 36.6 [35] 

 

 

Table 10- Effect of changing biomass on the gasifier design. 

Biomass Rubber 

wood 

Wood Pellets Gulmohar Wood Saw Dust Rice husk 

Fuel feed (kg hr-1) 3.65 3.52 4.51 3.8 3.65 6.3 

Hpyr     (cm) 48.8 48.9 49.1 48.7 48.9 48.9 

Hoxd     (cm) 10.9 10.7 12.1 11.2 10.9 14.4 

Hred   (cm) 33.02 29.9 31.3 31.2 29.1 30.2 

Dpyr  (cm) 21.8 21.4 24.2 22.34 21.8 28.7 

Dthroat  (cm) 6.23 6.11 6.9 6.4 6.23 8.1 

Dair injection (cm) 17.4 17.1 19.4 17.8 17.4 22.9 

Total air area (cm2) 2.13 2.1 2.6 2.24 2.13 3.6 
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Figure 1- Schematic view of a downdraft gasifier. 
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Figure 2- Biomass devolatization. 
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Figure 3- Effect of varying moisture content (a), equivalence ratio (b) and temperature (c) on 

the height of reduction zone. 
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Figure 4- Variation of different gas species concentrations for Rubber wood along the 

reduction zone  
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Figure 5- Comparison for gas volumetric composition (vertical axis) between the present 

work and other experimental work for same (feedstock, 𝛷, and MC),   (a) Rubber wood 

[27], (b) Wood pellets [36], (c) rice husk [37],  (d) Bamboo [25], (e) Neem [25], and (f) 

saw dust [7] 
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Figure 6- Comparisons between the experimental [28] and present work for the tar yield in 

producer gas.  

  
Figure 7(a) Temperature profile along the gasifier for rubber wood   (b)- Temperature profile along the gasifier for wood pellets  
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Figure 8- Effect of changing moisture content on producer gas heating value. 

 

 

 

Figure 9- Effect of changing moisture content on producer gas tar content. 
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Figure 10- Effect of changing equivalence ratio on producer gas heating value. 

 

 

 

Figure 11- Effect of changing equivalence ratio on producer gas tar content. 
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Figure 12- Effect of changing power on gasifier throat diameter. 

 

 

 

Figure 13- Effect of changing power on biomass feeding rate. 
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