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Gasification is a thermo-chemical process used to convert biomass fuelsinto a fuel gas. Biomass 

gasification is considered amongst the best methods to enhance biomass-based energy production’s 

efficiency as it allows common biomass utilization.It has become more important as a mean of converting low 

energy-density such as biomass feeds or into a transportable high value gas for heat and power generation, 

chemicals and fuels. 

Operating conditions are affecting the gasification reactions. the review identified that in high-temperature 

gasification, endothermic reactions the secondary cracking and reforming of heavy hydrocarbons are favored 

and hence enhances the whole process’s efficiency. 

Finally, catalysts are vital for the biomass gasification process, and it is important to select the appropriate 

ones taking into consideration possible setbacks discussed above and will be explored further in this study. 
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I. INTRODUCTION 

Gasification is a thermo-chemical process used 

to convert biomass fuels (date stone in this study) 

into a fuel gas. For example, ‗date stone‘ is the 

biomass fuel tested in this paper. Subsequently, It 

can be used to produce chemical products and the 

generation of both heating and electricity [1].  

Biomass gasification is considered amongst the 

best methods to enhance biomassbased energy 

production‘s efficiency as it allows common 

biomass utilization [2]. It has become more 

important as a mean of converting low 

energy-density such as biomass feeds or into a 

transportable high value gas for heat and power 

generation, chemicals and fuels [3].  

The Biomass gasification process consists of 

three stages. The first stage is ‗upstream 

processing‘ which ensures the biomass‘s size 

reduction to a suitable a particle size and drying it 

to an appropriate moisture level. The second stage 

involves the actual gasification process which will 

be explored in further details in this paper. the 

final stage is the downstream process and the 

clean-up of the gas product [4]. 

The most important stage is the gasification step 

which is considered to be the heart of the entire 

process. It utilises a thermal chemical reaction to 

convert the used biomass into combustible gas in a 

controlled environment, while using different 

gasifying agents such Oxygen, Carbon Dioxide or 

in the presence of air. Therefore, the gasification 

process is underdone in a gasifier, in which the 

biomass undergoes a sequence of physical and 

chemical transformations as well as combustion 

through oxidation.  

Generally, gasification is split into four steps: 

drying (endothermic reaction), pyrolysis 

(endothermic reaction), oxidation (exothermic 

reaction), and reduction (endothermic reaction) [5]. 
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They are shown in Figures (1) and (2) and explained 

further as following:  

• Drying: In this stage, biomass‘s moisture is 

evaporated by drying. The evaporated material 

contributes to chemical reactions at later stage. 

According to Hamad et al. between 10-15% of 

moisture is reduced by drying [6]. 

• Pyrolysis: as mentioned above, it is an 

endothermic reaction and it is considered to be the 

first step in the gasification process. Unlike 

combustion, pyrolysis occurs in the absence of 

oxygen, except for when it is done through a partial 

combustion, as a way to supply the needed energy 

in these processes [7].  

Biomass is heated to remove the volatile 

components which forms about 70% to 86% of a 

dried biomass [8]. The pyrolysis yield production is 

dependent on various factors; namely the type of 

the used biomass, moisture content, and particle 

size, reaction temperature, reaction time, heating 

rate, carrier gas type and the flow rate of carrier 

gas, catalyst, and reactor type [9].  

At 300 °C and higher, the biomass pyrolysis 

takes place in the same site where the moisture  

was produced from the drying process (the first 

step), it also completes with  H2, CO, CO2, CH4, 

and tar (devolatilization) which are needed for full 

pyrolysis [10]. 

According to Guedes et al.[11], the pyrolysis is 

split into three forms which arises from the used 

operating conditions.  The forms are slow, fast and 

flash pyrolysis.  

Generally, about 70% to 86% of the biomass is 

converted to volatile materials in the form of gases 

and liquids, and its residual is named char, which 

consists of carbon and ash [12].   

• Combustion: gasification contains a chain of 

exothermic and endothermic reactions. Thermal 

energy which is required for the endothermic 

reaction is gained from combustion of biomass, 

gases or char rely on the design of the reactor to 

maintain thermal efficiency [2].  

Gasification: It follows the pyrolysis step and 

utilises the pyrolysis gases, pyrolysis tars, and 

char residues. The latter is partially oxidised using 

the pre-existing gasifying agent at high 

temperatures roughly between 600 °C to 1500 °C, 

yielding mainly hydrogen (H2), carbon monoxide 

(CO), carbon dioxide (CO2), methane (CH4) and 

traces of ethane and propane. Furthermore, tar 

and char are the outcomes of the incomplete 

reaction of biomass [13]. 

 

 
Figure 1Schematic steps of biomass gasification[14] 

 

 

 

 
 

Figure 2: Schematic representation thermochemical 

process[15]. 

Several thermal processes occur in the 

gasification step. Moreover, various exothermic 

and endothermic reactions occur between carbon, 

carbon dioxide, steam, and hydrogen in the 

gasifier, if the appropriate operation conditions are 

met.  

As a result of the reversible nature of the 

gasification reactions, the direction, and 

conversion of the reactions, a thorough 

understanding of the reaction kinetics and 

thermodynamics is needed to maintain the overall 

efficiency at an acceptable rate.  

The efficiency and quality of the produced gas 

relies on several parameters, mainly on 

thermodynamic equilibrium coefficient of the 

gasification reactions. The main chemical reactions 

taking place in the gasifier are described in the next 

section.in preventing damage to the joint and 

optimized performance.  

II. BIOMASS GASIFICATION REACTIONS 

As mentioned above, the biomass undergoes a 

sequence of endothermic and exothermic 

reactions. The contrast of both reaction types 

creates an environment suitable a complete 

gasification process at an adequate efficiency. 

Below is the description of each reaction, while a 

breakdown of the reactions is showing in Table (1).  
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Table 1: A breakdown of the biomass gasification reactions occurring in the gasifier. 

Number Type Reaction Reaction Name 

Heat of 

reaction 

(MJ/kmol) 

R1 
Biomass 

Pyrolysis 

Biomass Char+ Tar + H2O 

+ Light gas 

(CO+CO2+CH4+H2+ O2 + 

N2+ …) 

Biomass 

devolatilization 

>0 

 

R2 

Oxidation 

reactions 

C + ½ O2 → CO 

Carbon partial 

oxidation 

 

-111 

R3 CO + ½ O2 → CO2 
Carbon monoxide 

oxidation 
-283 

R4 C + O2 → CO2 Carbon oxidation -394 

R5 H2 + ½ O2 → H2O Hydrogen oxidation -242 

R6 
CnHm + n/2 O2 ↔ nCO 

+ m/2H2 

CnHm partial 

oxidation 
Exothermic 

R7 

Gasification 

reactions 

involving 

steam 

C + H2O↔ CO + H2 
Steam reforming 

water-gas reaction 
+131 

R8 CO + H2O↔ CO2 + H2 
Water- gas shift 

reaction 
-41 

R9 CH4 + H2O ↔ CO + 3H2 
Steam methane 

reforming 
+206 

R10 
CnHm + nH2O ↔ nCO + (n 

+ m/2) H2 
Water-gas reaction Endothermic 

R11 
Gasification 

reaction 

involving 

Hydrogen 

C + 2H2 ↔ CH4 
Hydrogen 

gasification 
-75 

R12 CO + 3H2 ↔ CH4+ H2O Methanation -227 

R13 Gasification 

reaction 

involving 

carbon dioxide 

C + CO2↔ 2CO Boudouard reaction +172 

R14 
CnHm + nCO2 ↔ n 

2nCO + m/2 H2 
Dry reforming Endothermic 

R15 Decomposition 

reaction of 

tars and 

hydrocarbons 

pCxHy→ qCnHm + rH2 Dehydrogenation Endothermic 

R16 CnHm → nC + m/2H2 Carbonization Endothermic 

 

 

Water-gas reaction (R2.7) 

 

This a heterogeneous reaction that occurs between 

carbon and steam at a high temperature. The 

reaction produces carbon monoxide and hydrogen 

as following:  

C + H2O ⇾ H2 + CO 

It is worth mentioning that this reaction is an 

endothermic one, therefore it needs continuous 

heating to maintain the produced gasses. 

 

Boudouard reaction (R2.13) 

 

It is a heterogeneous reaction between carbon 

dioxide and carbon molecules in high 

temperatures, typically higher than 700°C and 

atmospheric pressure; as following: 

C + CO2 ⇾ 2CO 
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Furthermore, the product of this reaction increases 

when increasing the temperature above than 700 

°C [16]. 

 

Water-gas shift reaction (R2.8)  

 

This is a homogeneous reaction between carbon 

monoxide and water in vapour case 

(CO+H2O↔CO2+H2). This reaction is exothermic 

and used to increase the hydrogen content and 

minimize carbon monoxide in the product gas. 

 

Methanation reaction (R2.12) 

In this reaction, methane is produced from 

hydrogen and carbon or carbon dioxide. This 

reaction is categorized as the exothermic reaction. 

However, the best condition for this reaction is high 

pressure and low temperature. Finally, methane is 

the required gas in combustion process due to it 

has higher heating value comparing to carbon 

monoxide or hydrogen [3]. 

 

Steam methane reforming reaction (R2.9)  

 

This reaction considers as a homogeneous 

(gas-gas), high endothermic reaction and 

reversible.  

 

III. BIOMASS GASIFICATION PRODUCTS 

Gasification and combustion are defined as the 

chemical processes which converts carbon-based 

materials (e.g. biomass) into either chemical 

feedstock or gaseous fuels. The produced material 

would consist of both product gasses and 

bio-syngas, as showing in Figure (3).  

However, the product of biomass gasification 

exhibits differences in terms of heating value. 

Unlike combustion, the energy stored in the 

chemical bounds is not rapidly released, instead it 

is packed [7]. The process‘s products are described 

below. 

 

 
Figure 3: The main difference and their typical 

applications between 'product gas' and 'bio-syngas' 

• Product gas: it is produced when the 

temperature in the gasification processes is less 

than 1000 °C. It contains CO, H2, CH4, CxHy 

aliphatic hydrocarbons, benzene, toluene, and tars 

(beside CO2 and H2O).  

H2 and CO in the syngas contains approximately 

50% of the energy, while the rest is contained in 

CH4 and higher (aromatic) hydrocarbons [17]. 

Product gas used mainly in home heating and 

electricity generation [18]. 

• Bio-syngas: There are two different ways that 

biomass gasification can yield bio-syngas: 

(1)  It can be produced via the biomass 

gasification process without a catalyst presence 

and in in high temperature; usually higher than 

1200 °C).  

(2) Alternatively, catalytic gasification can be 

used to produce the bio-syngas instead.  

In both ways, the biomass is fully converted into 

H2 and CO (alongside CO2 and H2O). Therefore, 

bio-syngas can be used in all fossil fuel application, 

due to the chemical similarities regardless of the 

source (i.e. whether it is derived from fossil or 

biomass sources). 

IV. KEY FACTORS AFFECTING THE 

GASIFICATION PROCESS 

Many factors affect the product gas‘s quality such 

as composition, gasification performance, and its 

energy content [19]. These all are dependent on the 

process‘s operational conditions, gasifier 

configuration, and raw materials origin [19]. It is 

remarkable to know which parameters affect the 
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quality of the production from gasification 

processes. A figure of gasification parameters will 

be demonstrated.  

Operating conditions 

During biomass gasification, the operation 

conditions play a significant role in the whole 

process [20]. It affects various key parameters such 

as the used tar formation, carbon conversion, tar 

reduction, and production gas structure [20]. The 

most important operating conditions are the bed 

temperature, ER, the used gasification agent, 

feeder location, static bed height, and particle size. 

The conditions will be discussed in more details in 

the following sections.  

Bed Temperature 

Bed temperature is considered among the most 

important operation parameters. Mainly as it 

affects both the produced gas composition and the 

resultant heating value [21].  

The structure of the product gas via gasification 

relies on the bed temperature of the reactor. 

Increasing the bed temperature in the gasifier 

increases the resultant heating value, the 

combustible gas content, hydrogen content and 

gas yield, however it would reduce the tar content 

dramatically [22].  

Jin Woo Kook et al. [22] reported that tar content 

can be reduced by several methods, either by 

increasing the temperature or change the feeding 

position. It was observed that increasing the 

temperature inside the gasifier from 720 °C to 825 

°C increases the gas yield from 2.1 m3/kg to 2.7 

m3/kg, as the carbon conversion of biomass 

increases [23]. Furthermore, Maria Cortazar et al. 

[24] reported that higher temperatures have a 

positive effect on carbon conversion, gas yield, and 

tar removal, and hence the overall increased 

efficiency of the process. They studied the effects of 

increasing the temperature from 800 °C - 900 °C 

and they found that the concentration of tar fell 

from 49.2 gNm-3 to 6,7 gNm-3.  

Moreover, the hydrogen yield rose by 7.28 wt% at 

900 °C. From the material mass balance, the 

amount of CO and H2 increased with the increased 

temperature, as promoted endothermic water-gas 

and Boudouard reactions in the gasifier. On the 

other hand, CO2 decreases with the higher 

temperature, while the concentration of CH4 

remains relatively stable [25].  

Ebubekir et al. [26] investigated the gasification of 

pinecones particles and wood pellets [26]. Their 

experiments have shown that the percentage of 

produced H2 and CO in the yield grows by 

increasing reactor temperature.  

Behashti et al. [27] used Aspen Plus simulators 

and dedicated FORTRAN subroutines to investigate 

the bed temperatures further. They developed a 

process simulation for  gasification of biomass in a 

bubbling fluidized bed for hydrogen and syngas 

production, the result of that is the high 

temperature is more suitable for production useful 

syngas(H2 and CO) [27]. 

In summary, various research have proven that the 

bed temperature is directly proportional to the 

yielded product [21][22][23][24][25][26][27]. 

Therefore, it is vital to ensure that the 

temperatures are high enough to obtain optimum 

efficiency. 

Equivalent Ratio (ER) 

The Equivalence ratio (ER) is the ratio between the 

actual gasification agent (air or oxygen) to fuel 

divided by the stoichiometric condition, it can be 

calculated using the following formula [28]. 

𝑬𝑹 =(air/biomass)a/(air/biomass)s 

Pyrolysis, gasification, and combustion all 

represent the varied thermochemical zones. The 

zones can be seen shown when plotting ER against 

temperature, as shown in Figure (4) [28]. According 

to Ghassemi, [29] the amount of H2 is shows an 

inverse proportion with ER As due to the presence 

of O2 in the system, leading to Hydrogen oxidation. 

Moreover, the ratio of CO in the product increases 

when the ER increase, however it later declines 

[29], as a result of increasing ER which lowers the 

heating value predicted in the product gas [30].  
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Notably, the production of CO2 is high in case of 

higher ER values, due to the formation of a strong 

oxidation reaction. 

Figure 4 Equivalence Ratio and Air/ fuel diagram 

This process and at high ER values yields the 

energy needed to satisfy the endothermic reactions 

needed for an efficient biomass gasification process 

[28][29]. 

Gasification Agent 

In the gasification process, numerous gasifying 

agents are used. They are often consisting of 

oxygen, air, carbon dioxide, hydrogen in 

appropriate rations [31]. The ratio of the 

gasification agents helpscategorising the 

gasification product according toits lower heating 

value (LHV) which relies on the type of gasifying 

agent employed as explained in Table (2) [32].   

LHV 

level 

LHV 

(MJ/N

m3) 

Gasifying agent 

Low low 4-6 Using air and air/ stem                            

 

Medi

um 

High 

10-15 

using O2/ steam  

High High 

15-20 

using H2  

Table(2): Classifications of producer gas according 

to lower heating value. 

Shayan et al. [33] carried out biomass gasification 

experiments using wood and paper as a feedstock 

with four different gasification agents: air, 

oxygen-enriched air, oxygen, and steam. The 

results indicate that the higher values of hydrogen 

is produced when using steam, followed by oxygen, 

oxygen-enriched air, and air as the gasification 

agents [33].  

According to Mustafa et al. [34] the best gasifying 

agent is Oxygen, but it is more costly. Additionally, 

the gasification process turns to combustion in the 

case of a high concentration of oxygen, which leads 

to the production of ―flue gas‖ instead of ―fuel gas‖. 

various researchers reported that the most 

optimum gasifying agent from an economical 

aspect is steam, as it leads to more Hydrogen yield 

[35]. Pinto et al. [36] studied the effect of the 

different gasifying agents (Mixtures of air, oxygen, 

steam, and CO2 with different compositions of two 

or more components) with the waste of rice like 

(rice husk and straw and plastics). The results 

showed that the best technical option was  a 

mixture of oxygen and steam, as it was not diluted 

in Nitrogen causing a 42% increase in the heating 

value [37]. 

Location of Feeding. 

The distribution of product gas is affected by the 

location of biomass feeding, according to Sikarwar 

et al. [38]. Mainly, there are two locations of 

feeding; updraft which allows the fuel to enter from 

the top of the gasifier and the gasification agent 

from the bottom [38]. The second is downdraft 

which both the fuel and gasifying agent enter from 

the top [38].  

There are a few differences in each feeding location 

set up. In downdraft gasifier feeding, the product 

from pyrolysis passes through a hole bed which 

supplies an efficient mixing of the product gases 

[39]. On the other hand, the amount of tar in 

downdraft is reduced due to cracking through the 

bed, which increase the yield of H2 and CO [39]. 

Nevertheless, the latter feeding position requires 

low moisture content presence; ideally less than 

25wt%, in the exhaust dust and ash are present, 

and an important point it consider as very 

attractive due to low tar in the product, easy 

operation and fabrication [40]. The benefit of using 

the updraft is its simplicityand high-energy 

efficiency due to active internal heat exchange [41]. 

Hanif et al. [42] reported the capacity of updraft 

could be high as a result of low temperate of the 

product leaving the gasifier.  

In summary, the feeding position in the gasifier has 

a huge impact on the gasification process.                         

It is recommended to use the upward position as it 

the simpler position and mitigates risks while 

increases efficiency. 

Bed height 

 

The height of the gasifier is consisting of both the 

bed and the adjacent freeboard [43]. The bed height 

is an important design parameter, due to the 

gasification reactions being slower than 

combustion reactions, so it needs a deeper 

bubbling-bed gasifier instead of a bubbling-bed in 

the combustor [7].  
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The bed height depends on several economics‘ 

aspects such as higher beds mean high-pressure 

losses, taller reactor, and fluidization dynamics 

[43]. In the fluidized bed gasifier, the effect of bed 

height has increased the pressure which leads to 

great gas bubbles and reduced heat transfer 

coefficients [44]. Yupeng Et al. [45] investigated the 

pressure drop of Geldart's group B particles and 

minimum fluidization velocity with different 

column diameters and bed heights, they reported 

at decreasing bed diameters and increasing bed 

height the wall effect was increased, rise minimum 

fluidization velocity and pressure. Other research 

experimented the minimum fluidization velocity 

increase with increasing bed height [46]. Higher 

bed height permits longer gas retention time which 

is considered an advantage. However, when the 

depth is greater than the diameter, it causes 

slugging. The advantage of long retention time is 

that it allows further heat transfer, resulting in an 

increase in the conversion of tar and char to 

product gas. Even so, short retention time yields 

small quantity release of volatile matter which can 

damage the integrity of the process.  

The overall height of the bed in the gasifier plays a 

major role in the process, and therefore it is 

important to use an appropriate height to achieve 

optimum results [43][45][46]. 

 

Biomass particle size 

 

In gasification process, the energy efficiency is 

increased by reducing the particle size, however it 

also increases the cost of the processes [47].  

According to Warnecke, [48] to reduce the particle 

size for a 5-10 MWe gasification plant, about 10% 

of the produced energy is required. 

Smaller particles results in higher surface area, 

which improves mass and heat transfer through 

them [49]. Additionally, the efficiency of 

gasification reactions, namely the Boudouard 

reaction, water gas reaction and carbon 

conversion, are improved as a result of effective 

heat transfer.  

Furthermore, decreasing the particles sizes, both 

the hydrogen and carbon monoxide content 

increase, also it reduces the CO2 content, tar and 

char [49]. Li et al. [50] used different particle size in 

the range of 0.15 to 5 mm. It was found that small 

particles produced extra H2 and CO2 and lower 

CH4, CO when compared to using larger particles. 

Otherwise, the maximum value of LHV was gained 

by utilizing large particles size [50]. 

 Inayat et al. [51] investigated a downdraft gasifier 

of wood chips/coconut shells with particles sizes of 

5-10, 10-25 and 25-50 mm. The outcomes show a 

higher gas yield of H2, CO, and CH4, as well as 

HHV using the 5-10 mm particle size [51].  

Similarly, Jia et al. [52]performed the same test but 

under diverse operation conditions, bed-to-surface 

heat transfer of three kinds of biomass (Douglas fir, 

pine, and switchgrass) in a fluidized bed was 

studied. It also proved that small particles of 

biomass lead to faster heat transfer and smooth 

fluidization [52]. Jand et al. [53]found through a 

study of the influence of particles size in fluidized 

bed gasification that the quantity of the CO and 

carbon content in the product was decreased, 

whilst char and CO2 increased, as a result of the 

large particles is tended to char combustion,   

which speeds the freeing of CO2.  

Using a research-scale fluidized bed, Fremaux et 

al. [54] studied hydrogen-rich gas production via 

steam gasification of biomass with three particles 

sizes: 0.5-1, 1-2.5 and 5 mm of wood residue at 

900 °C. They observed that H2 yield improved 

using small particles due to the heat transfer 

resistance was decreased with the small size of 

biomass [54]. Other studies has looked into the 

effect of different particles sizes of fruit bunch on 

the ranges of higher than or equal to 0.2mm and 

lower than 2mm on producer gas, carbon 

conversion and high heating value in a fluidized 

bed at 800 oC, the outcome indicated that the H2 

and CO compositions, producer gas yield, high 

heating value and carbon conversion increased 

when particles size decreased [55]. 

It is evidenced through various research and 

experiments that using smaller particles in the 

gasification process yields more efficiency 

[47][48][49][50][55]. The main reason is that 

crushing the particles to smaller sizes, ideally 

between 1 – 5 mm in diameter would in fact offer 

much higher surface area allowing more efficient 

mass and heat transfer [47][48][49][50][55]. 

 

Gasifier Design 

 

In gasification processes, reactor design is critical 

for composition, efficiency, and heating value of the 

product gas, also for the formation of tar. 

According to Siedlecki et al. [56] there are three 

types of gasifier  used in biomass gasification. The 

first type is fixed-bed gasifiers, which is split into 

three further types based on the feeding position; 

updraft, downdraft and cross-draft gasifiers. The 
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second type is the Entrained flow gasifiers, while 

the third type is the spout fluidised bed gasifier. 

The latter consists of different set ups based on the 

bed type, namely, bubbling or circulating fluidised 

bed. The beds types are discussed further below.  

 

Fixed Bed Gasifiers 

The fixed bed gasifiers type is the simplest and 

oldest technology in this field [57]. It has been used 

and studied, mostly for small scale production, due 

to its construction ease and relatively simple 

operation, whilst yielding high thermal efficiency 

and lower pre-treatment of the biomass feedstock 

[58].  

From the reactor technology aspect, the fixed bed 

has a large temperature distribution across its 

design [59]. This results in a longer time for heating 

up, finite scale-up, low specific capacity, hot spots 

and ash fusion. It is complicated to maintain 

consistent operation temperatures while keeping 

sufficient gas mixture in the bed. As a result, the 

gas yield is unpredictable. 

As mentioned, the types of the fixed bed gasifiers 

are the updraft, downdraft and cross draft ones 

due to the place of the gasifying agent enters the 

gasifier [60]. The types are discussed in more 

details below: 

• Updraft gasifier:  The feedstock and gasification 

agent (air or oxygen) shift in the cross direction 

[61].  The raw material (i.e. biomass) feeds from the 

upper point in the gasifier while the Gasifying 

agent enters from the distributor located in the 

downside of the gasifiers.  

It considers to be the simplest gasifier and has a 

low-cost process [61]. In this method as illustrated 

in Figure (5), the combustion (Oxidation) takes 

place at the bottom, which is the highest 

temperature in the reactor. Further, on the top of 

the gasifier, the drying and pyrolysis occur [61]. It 

is important to ensure the removal of the moisture 

in the feedstock by using hot product gases, which 

exit from the top of the gasifier.  

The advantage of updraft gasifier is its ability to 

operate with different raw materials [60]. On the 

other hand, according to Wang et al. [62] the 

restriction of the updraft gasifiers is its high tar in 

syngas, low syngas yield and extended start-up 

time. 

 
 

Figure (5): Fixed-bed updraft gasifier [63]. 

 

• Downdraft fixed bed gasifier:  

 

The biomass (fuel) and gas shift enters in one 

direction and the product gas is flowing out from 

the bottom as shown in Figure (6) [64]. This 

process called downdraft fixed bed gasifier. The 

amount of tar in the product in the updraft 

gasifiers is the main problem in this gasifier, this 

can be overcome by inserting the gasifying agent 

above or at the oxidation zone in the gasifier [64].  

According to Sayigh, [65] the products from both 

the down and updraft gasifiers, especially CO, H2, 

CH4 and CO2 are comparatively clean and without 

or less quantity of tars. which allowed to use in the 

application in heat and power generation using gas 

turbines [65]. The benefit of the downdraft 

fixed-bed gasifier is no or low amount of tar due to 

cracking down in the oxidation zone. On the other 

hand, the product needs to clean as it runs the risk 

of having contaminates such as ash and fine 

particles [66]. According to Chandolias et al. [67] 

the downdraft process is less thermally efficiency 

when compared with updraft as a result of the 

product from devolatilization do not go through the 

highest temperature of the gasifier. 

 
Figure (6) Sketch of the downdraft fixed-bed 

gasifiers [68]. 
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• Cross draft gasifier:  

 

The feeder (biomass) is fed from the top of the 

gasifier and the gasifying agent if from the side as 

shown in Figuer (7). The idea of cross draft is the 

fuel shifting down the different zones in the gasifier 

(drying, pyrolysis) and finally gasified whilst the air 

exits from the other side of the gasifier [69].  

The product gas exits almost at the same level of its 

entrance [69]. The advantage of the cross-draft 

gasifier is its short start-up time relative to both the 

updraft and downdraft gasifiers, however, it is only 

applicable for low volatile content (e.g. charcoal) 

[70] [71]. 

 

 
 

Figure 2-6 Sketch of the Cross-draft gasifier [72]. 

 

Fluidised Bed Gasifiers 

 

Fluidised bed gasifier consists of combustion of 

solid fuel in static material bed such as sand, 

which will be tested in this study, it is fluidised 

owing to gas flow [73]. The hydrodynamics in the 

fluidised bed gasifier causes a strong mixing for 

new particles with old ones and promotes even 

temperature distribution throughout the bed [74]. 

Fluidised bed gasifiers are used in large scale 

applications for biomass thermochemical 

conversion as a result of their capability to high 

heat and mass transfer rates, a continuation of 

production [75]. Fluidisation is used in different 

applications like pyrolysis, gasification, and 

combustion of various feedstocks such as biomass 

[76].  

The efficiency of heat exchange in fluidised bed 

reactor and temperature control is better when 

compared to fixed beds [77]. Belgiorno et al. [78] 

stated that the fluidised bed performance is about 

five-time that of fixed bed gasifiers. Due to high 

mixing rates in a fluidised bed gasifier, there are no 

different reaction zones, on the contrary to fixed 

bed gasifiers. Moreover, the fluidised beds are 

confirmed as the best thermal conversion of 

various kinds of biomass fuel because it supplies 

adequate mass and heat transfer for the reactants 

[79]. As mention above, the fluidised bed gasifier is 

classified as follows: 

 

Spout fluidised bed gasifier  

 

The spout fluidised bed structure is shown in 

figure (8). Historically, it has been used in the 

chemical and petrochemical industry [79]. More 

recently, they have been extended to different 

thermochemical processes such as gasification, 

combustion, and pyrolysis [79][80]. 

 

 

Figure 2-7 Spout Fluidised Bed Reactor [81]. 

A typical spout bed includes a conical vessel with 

an orifice in the base of the conical. in the spout 

bed, there are two regions, the spout, and the 

annulus. the spout is centric of the conical vessel 

where the particles in a low-density phase as a 

result of high fluid velocity which entranced from 

the office [81].  

After reaching the highest level of the reactor 

(above the bed), the particles fall onto the annulus, 

which is made of high particle density, resulting in 

a slow downward motion. Thus a systematic cyclic 

pattern of particles is founded, with contact 

between the fluid (biomass) and particles, and with 

unrivalled hydrodynamics [82][83].  
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The main difference between the spout fluidised 

bed and the fluidised bed is the dynamic behaviour 

of the solid particles in each reactor [84]. In the 

spouted bed a circle, a consistent motion is 

established with active connection between the gas 

and the solids involved. The benefit of using spout 

bed is its ability to handle high ash content 

ensuring appropriate amounts to gasify different 

fuels types [85]. 

Moreover, it has the capability to accommodate 

various fluidisation velocities without risking 

severe slugging, which minimizes the capacity of 

the gasification system. Furthermore, rising the 

fluidization rate leads to accelerate the fluid-solid 

contact in the annular regions and reduces the 

particles agglomerating and sticking to the wall of 

the vessel [86].  

Spouted beds have the minimum spouting velocity, 

similar to the fluidised bed reactors. Nevertheless, 

spouted bed space is limited due to maximum 

spouted bed height [87], while no maximum height 

can be established in spouted fluidised bed 

because it relies on the diameters of gas inlet and 

particle. Even so, the spout bed height is increased 

when the contactor angle increases, and the 

particle size decreases [88] [89]. 

Bubbling fluidised bed gasifier.  

The bubbling fluidized-bed (BFB) is shown in 

Figure (2-8), the gasifying agent is entered from the 

bottom of the gasifier and the product is exited 

from the top whilst the fuel is inserted to the bed 

[90]. 

Historically,  in 1921,  Fritz Winkler has developed 

the BFB gasifier and it has been used commercially 

for coal gasification [7]. According to Basu. BFB are 

deemed the popular technologies for biomass [7].  

As illustrated in  Figure (9) BFB contains screw 

feeders, a fluidised bed with a freeboard column 

unit, air blower, gas plenum (gas box), the 

distributor plate, and cyclone. The particles In BFB 

gasifier are kept in a state of suspension by enough 

velocity of gasification agent through a bed. The 

raw material (biomass) are entered into the hotbed 

to mixed and heated up to the bed temperature 

[91]. 

 

Figure (9): Bubble Fluidised Bed Gasifier [92]. 

The advantages of BFBs when utilised to convert 

biomass into energy are: (1) a high degree of 

random, (2) high gas-solid interaction, (3) good 

mass, heat transfer, and (4) effective temperature 

distribution; increased volumetric capacity and 

heat storage [93].  

Moreover, a catalytic agent can be added in the 

BFB and operated at partial load. The bubbling 

fluidised beds are adequate and economic for 

continuous biomass gasification, Further, In BFBS 

it can be utilised with different biomass and 

particle sizes including pulverized [94]. 

Additionally, the gas product from BFBs has low 

tar content and low unconverted carbon [94]. 

On the other hand, the BFBs are sensitive to ash 

content, unlike the spout-fluid bed. The risk of 

agglomeration increases when biomass has a 

relatively higher content of ash and the 

temperature inside the gasifier is higher than 950 

°C[95]. The higher temperature rises the bed 

de-fluidization and reduces the efficiency of the 

gasifier, so the highest temperature is restricted by 

the melting point of the bed material. The 

gasification reactions do not reach their chemical 

equilibrium as a result of low temperature and 
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short gas residence times, except when using a 

catalyst [95]. According to Alberto et al. the 

operation range in BFB is among the minimum 

fluidisation velocity and the velocity on which the 

bed particle would be dragged by the passing gas, 

being usually 1.2 m/sec [96]. 

The yields of gaseous fuel in BFBs with using air as 

the gasifying agent have comparatively high 

heating values, and minimum to no heat added to 

the gasifier, which considers as a promising 

technique [97]. 

 

 Circulating fluidised bed  

 

Due to the limitation of bubble fluidised bed 

gasifier in handling a high level of solid material 

mixing, a low solid conversion rate is observed [98]. 

The extension of a recirculating loop improves the 

conversion by returned unreacted particles to the 

reaction zone through a cyclone, thus leading to 

improved solid residence time [99].  

According to Yang, circulating fluidised bed (CFB) 

Figure (2-9) has been used for the gas-solid process 

since the 1970s [100]. CFB has a wide application 

in the industry, mainly for biomass and coal 

gasification [101]. Sikarwar et al. [102] reported 

that CFBs can deal with high quantity of biomass 

in different pressure ranges. The high velocity of 

the stream with recirculation leads to rising mixing 

which also increases the heat and mass transfer 

inside the gasifier. Thus, improve the quality of the 

product gas due to the near optimum environment 

formed in the gasification [103].  

According to Basu.[7] the fluidization velocity in a 

CFB is much higher than the types mentioned 

above, as it goes up to 3.5–5.5 m/s, for context the 

velocity in a bubbling bed reactor is 0.5–1.0 m/s. 

Moreover, the carbon conversion in the CFB is 

greater than BFB due to the rising speed of the 

recirculation and perfect mixing of material [104]. 

On the other hand, the high gas velocity in the 

CBFs increases the corrosion rates when compared 

with BFB [105]. In addition, a CFB involves higher 

cost, increased the height of the reactor, catalyst 

agglomeration, and complication in design, 

construction and operation [106]. 

 

 

Figure 2-9 Circulating Fluidised Bed Reactor 

 

V. CATALYTIC PROCESSING OF 

GASIFICATION PRODUCT GAS 

 

Catalysis overview 

 

Catalysis can be defined as the study of catalytic 

reactions, essentially the description of any 

material that may accelerate or increase the 

efficiency of a chemical reaction without impacting 

it equilibrium and thermodynamics [107]. 

Catalysis plays an important role in 

manufacturing, environmental protection and 

sustainable development [108]. Different types of 

catalyst are used in the commercial sector, 

including heterogeneous catalysts (solid), and 

homogeneous catalysts (liquid) [109]. 

Historically, a catalyst was used in the industry 

since 1746 by J. Roebuck [110], and since in 

different industrial processes such as the 

purification of crude oil and biomass gasification 

[110]. Heterogeneous catalysts are widely utilised 

in gasification processes due to their capability to 

resist higher temperatures. The aim of using a 

catalyst in gasification processes is to enhance the 

quality of the product gas in terms of heating value, 

enhancing the desired gas ratio and reduce 

impurities. According to Shahbaz et al. [111] for 

commercial biomass gasification processes, the 

perfect catalyst for tar reduction, higher product 
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yield and active life of the catalyst are still in debate 

and is undergoing research. 

Basically, Mineral based, and synthesized catalyst 

are the main types of catalysts which can used 

biomass gasification, as shown in Figure (11) [111]. 

 

Figure (11): Types of catalyst used in steam 

biomass gasification. 

 

According to Dayton [112] dolomites are 

considered to be the most widely non-metallic 

catalysts used in biomass gasification processes. 

Therefore, Tian et al. [113] compared the catalytic 

properties between calcined dolomite and olivine 

during biomass gasification for tar reduction and 

syngas production during biomass gasification. 

This resulted in more clarification in the available 

catalysts for a more efficient biomass gasification 

process, which is discussed in the following 

section. 

 

Steps in heterogeneous catalytic reactions  

 

Catalytic reactions that utilises heterogeneous 

catalysts involve separate step, each step is either 

of chemical or physical nature. The chemical 

reactions take place when the reactants are in 

contact with the active sites. The transport of 

reactants to the active sites is promoted by 

physical processes namely: diffusion, adsorption 

and desorption. Typical steps for heterogeneous 

catalysts are [114]:  

i. Diffusion of the feed materials to the surface of 

the catalyst.  

ii. Diffusion of the feed materials into the support 

pores.  

iii. Adsorption of the reactants on the inner 

surface of the pores.  

iv. Chemical reaction on the catalyst surface.  

v. Desorption of the products from the catalyst 

surface.  

vi. Diffusion of the products out of the pores.  

vii. Diffusion of the products from the catalyst 

surface.  

Using a catalyst depends on the adsorption of the 

reactants and desorption of the products. The rate 

of adsorption increases with increasing the 

reactor‘s temperature. Therefore, the catalytic 

reactor‘s temperature needs to be carefully 

controlled to protect the reproducibility of the 

experiment. 

 

Factors affecting catalyst performance  

 

Most heterogeneous catalysts lose activity during 

the catalytic process. The common causes of loss of 

catalytic activity are fouling, poisoning, sintering, 

attrition and loss due to vaporisation of active sites. 

Fouling and poisoning cause similar effects on 

catalyst performance; fouling refers to a physical 

coverage of active sites by either trace materials in 

the feed or the feed materials. These foreign 

materials can undergo chemical adsorption 

(chemisorption‘s) forming a strong adsorptive bond 

with the catalyst surface, thus covering the active 

sites, this is also known as catalyst poisoning. In 

biomass gasification, catalyst poisoning is caused 

by the deposition of carbon (coking). Carbon 

deposits on catalysts originates from hydrocarbons 

contained in the producer gas and the by-products 

formed during the catalytic reaction. Coking of 

catalyst depends on the oxygen storage capacity 

(OSC), which is the ability of the catalyst to absorb 

and release oxygen at elevated temperatures[115]. 

Increasing OSC in a catalyst can reduce the coking 

problems through oxidation process. Moreover, a 

deactivated catalyst can be regenerated by a 

controlled combustion of the carbon layer.  

Another potential set back is sintering. It is a result 

of a change of crystallite size of the active sites due 

to the fusion of particles at higher temperatures. 

Atoms of any material become mobile and 

coalescence when heated above the Tamman 

temperature, which is defined as half of the 

material melting point, in Kelvin) [116][117]. 

Increased sintering results in the loss of active 

surface area, thus, decreasing the catalyst activity. 

Therefore, the use of catalyst supports with high 

thermal stability is recommended. 

Attrition is defined as the breakup of the catalyst 

into fine sizes as a result of particle to particle or 

particle to wall collisions in the fluid-bed reactors. 
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The generated fines may transport along with the 

gas stream or cause blockages. Although 

supported catalysts in fixed beds are stationary, 

high abrasion resistance is required to avoid loss of 

active sites due to attrition.  

Another factor that affects the performance of a 

catalyst is the loss due to evaporation of active sites 

[114]. This loss is mainly caused by higher 

operating temperatures of a catalytic reactor. One 

might be tempted to go for lower temperatures, but 

lower temperatures can lead to formation of toxic 

compounds. For instance, at temperatures below 

150 oC, nickel catalysts deactivate by forming a 

highly toxic nickel tetracarbonyl in the 

methanation of synthesis gas. This implies that, 

apart from losing the required chemical reaction, 

poor control of the process temperature may yield 

unwanted products. 

 

VI. CONCLUSION 

Operating conditions are affecting the gasification 

reactions. the literature identified that in 

high-temperature gasification, endothermic 

reactions the secondary cracking and reforming of 

heavy hydrocarbons are favoured and hence 

enhances the whole process‘s efficiency. 

Reducing biomass particle size improves the 

product gas due to positively influence the heat 

and mass exchange within the reactor. While ER 

has several effects on the process, for example 

lower ER values results in a lower reactor 

temperature and therefore pyrolysis conditions are 

met in the biomass reactions. On the other hand, 

combustion occurs at higher ER, leading to the low 

heating value of acquired product gas. The gas 

heating value was improved by using top feeding of 

biomass, however the amount of tar increased. 

A fixed bed and fluidised bed are described.  From 

this literature, a bubble fluidised bed reactor 

considers as the most suitable technology to gasify 

the biomass. The range of LHV was between 3.7 

and 8.4 MJ/Nm3, which is suitable for internal 

combustion engines. So fluidised bed gasifier will 

be used in this study. 

Finally, catalysts are vital for the biomass 

gasification process, and it is important to select 

the appropriate ones taking into consideration 

possible setbacks discussed above and will be 

explored further in this study.  
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