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Abstract  Though gasification technology is upgrading and attracting researchers to invent new ways to produce good 
amount of useful bio-fuels, the presence of tar and hazardous gaseous contents obtained in the form of residues and also from 
emissions is still a major problem for many end users. Many researchers till this date have tried and tested new methods and 
were nearly successful in their attempts to remove tar completely. A review is conducted in search for new technologies to 
obtain tar free clean producer gas. In this paper focus is lead on methods applied for pre-treatment of biomass for cracking 
down the complex polymer structure - lignocellulose into porous materials, advantages of using agriculture sludge as biomass 
fuel, ways to obtain a sludge feedstock composition which would not lead to tar formation during gasification process, 
modification of gasifier design and operating parameters, In-situ catalytic conversion methods to crack down large 
hydrocarbon molecules if ever they are formed, cleaning techniques to remove tar and other impurities, up-gradation of 
product gas to methane for higher calorific value. Based on the information collected, a pilot design of the gasification plant 
will be proposed for achieving a clean tar free product gas or biogas. 
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1. Introduction 
In the present scenario demand of electricity increases 

day by day but the power sector cannot fulfill this demand 
completely. Agriculture industries influences large part of 
the economy in India and having a huge amount of biomass 
like wood, bio-waste. At present to fulfill the shortage of 
power supply diesel generators are extensively used to 
produce electricity in rural and hilly areas. These generators 
produce grate amount of emission which affect the 
surrounding environment. In this quest it is our need to 
usage clean and eco-friendly bio-fuel which will not harm 
the environment and help to produce electricity 
independently without need of external power supply 
sources. 

Human evolution in a period of fast growing era, man’s 
dependency increases on various energy forms like thermal, 
electricity, mechanical and hydro. But at the same time the 
available conventional energy resources are being 
exhausted at a faster rate so it is need to focus on the 
technology to produce energy from the renewable sources. 
And hence we can save the nature. Solar, hydro, Wind 
energy’s are available in abundance but the immediate 
conversion of these energy’s into useful form is not so easy  
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and therefore biomass comes into the picture. Biomass is 
formed from living species like plants and animals. It is a 
collection of organic and inorganic materials mostly 
consists of by-products and wastes form animals and 
agriculture. Biomass is considered renewable because of 
unlike fossil fuel and can be reproduce plant through crop 
harvesting and consumption of food by the animals. Plants 
absorb carbon dioxide for their growth and return back to 
the atmosphere it means it will not disturb carbon dioxide 
level in atmosphere and therefore biomass is considered as 
“Carbon Neutral Fuel” [1].  

According to the estimated data provided by the Ministry 
of new and renewable energy of India, there is about 500 
million metric tons of biomass available every year and   
120 – 150 million metric tons of agriculture and forestry 
residues are available in surplus amount per annum which 
have the potentiality to generated 18000 MW of power and 
additional 5000 MW power can be generated using bagasse 
as biomass fuel in 550 sugar mills running currently in India. 
Currently, bagasse is been used extensively as biomass fuel 
in as many as 288 biomass co-generation projects summing 
up to 2665 MW power generation capacity, which were 
installed in sugar mills running in 16 leading states of India 
[25]. 

Extraction of biofuels can be done in two methods, 
anaerobic method and thermal conversion method. 
Anaerobic method uses fermentation procedure to extract 
ethanol and methanol fuels, review in this area is not within 
the scope of this paper.  
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Thermal conversion method involves pyrolysis, partial 
combustion and reduction or gasification reactions. The 
whole process is termed as Gasification, which converts the 
available biomass into bio-fuels like product gas, syngas, 
biogas etc. The main constituents present in the product gas 
are carbon monoxide, Hydrogen, carbon dioxide, methane, 
water vapor, nitrogen oxides, tar (Heavy Hydrocarbons), 
sulphur compounds and particulate matter. The major 
component which cause problem is still in the biomass 
industry is Tar. 

Since two decades lot of research efforts were invested 
on modifying the design of the reactor, changing the 
operating and design parameters, modifying filtering 
techniques, using various catalytic converters to efficiently 
break down the Tar components or convert them to carbon 
monoxide or carbon dioxide and water vapour etc. Detailed 
discussion types of biomass pre-treatment processes for 
cracking down the complex polymer structure - 
lignocellulose into porous materials, advantages of using 
agriculture sludge as biomass fuel, ways to obtain a sludge 
feedstock composition which would not lead to tar 
formation during gasification process, modification of 
gasifier design and operating parameters, In-situ catalytic 
conversion methods to crack down large hydrocarbon 
molecules if ever they are formed and for yielding higher 
percentage of CO and H2 cleaning techniques to remove 
particulate matter and other impurities, up-gradation of 
product gas to methane to increase the calorific value. 

2. Pre-Treatment of Biomass 
The common entity present in the agricultural based 

biomasses is the chemical structure containing cellulose, 
hemicelluloses and lignin. Materials having these structures 
are called as Lignocellulosic materials. Wood, wood wastes, 
sugar cane bagasse, sweet sorghum, rice straw, nut shells, 
corn stover, corn cobs, grasses, wheat straw, banana waste, 
solid cattle manure, cotton seed hairs, newspapers, etc, are 
few lignocellulosic biomass materials which can be used as 
feedstock for anaerobic or thermal conversion gasification 
processes. 

Survey shows that lignocellulose is the main source for 
generation of renewable energy [26] from biomass and it is 
also the main source for the formation of primary, secondary 
and tertiary tar products during gasification. Detailed 
experimental analysis was performed to check on the 
severity of the pyrolytic reactions with temperature and time 
as functions [25]. Cellulose derived products like the 
levoglucosan, hydroxyl acetaldyhyde and furfurals, 
hemicelluloses derived products and lignin derived 
methoxyphenols are termed as the primary tar products. On 
further cracking phenolics and olefins are formed which are 
classified as secondary tar products and when subjected to 
high temperatures about 900°C the secondary tar products 
change to alkyl tertiary products like toluene, indene, methyl 
naphthalene and other methyl derivatives, these tertiary 

products when condensed at high pressures and temperatures 
benzene, naphthalene, acenaphthylene, pyrene, anthracene 
etc. are formed but low yields [25]. Therefore pre-treatment 
process is an essential method to deconstruct these complex 
lignocellulosic structures into simplest molecular particles 
having the required energy and would not cause any tar 
formation during the gasification. Table 1 shows the list of 
lignocellulosic biomass materials with their respective 
cellulose, hemicellulose and lignin contents. The table shows 
that cellulose constitutes larger proportion in most of the 
biomasses. It accounts for more than 50% by weight and has 
a linear homopolymer of glucopyranose residues linked by 
β-1, 4 – glycosidic bond [29]. 

Table 1.  Composition of Cellulose, Hemicellulose and Lignin in 
Agriculture Biomass (Percent Dry Basis) [27, 28] 

Lignocellulosic 
material Cellulose Hemicellulose Lignin 

Softwoods 

Douglas fir 50 2.4 – 3.4 28.3 

Pine 44.6 5.3 – 8.8 27.7 

Spruce 45 6.6 27.9 

Hardwoods 

Black locust 41.6 17.7 26.7 

Hybrid poplar 44.7 18.6 26.4 

Eucalyptus 49.5 13.1 27.7 

Populus tristis 40 – 49.9 13 – 17.4 18.1 – 20 

Crop Residues 

Corn cobs 45 35 15 

Corn fiber 14.3 16.8 – 35 8.4 

Corn stover 36.8 – 39 14.8 – 25 15.1 – 23.1 

Cotton gin trash 20 4.6 17.6 

Grasses (sugarcane, 
sorghum bagasse) 25 – 50 25 – 50 10 – 30 

Rice Straw 35 – 41 25 – 14.8 9.9 12.0 

Rice hults 36.1 14 19.4 

Wheat straw 30 – 38 21 – 50 20 – 23.4 

Herbaceous Materials 

Bermuda grass 25 35.7 6.4 

Switch grass 31 – 32 20.4 – 25.2 14.5 – 18.1 

Cellulose Wastes 

Newsprint 40 – 64.4 4.6 – 40 18.3 – 21 

Paper 85 – 99 0 0 – 15 

Solid cattle manure 1.6 – 4.7 1.4 – 3.3 2.7 – 5.7 

Among the listed biomass, solid cattle manure has the 
least cellulose content compare to other materials and 
Douglas fir softwood has the highest cellulose content. Few 
kinetic models on the cellulose decomposition were 
developed using the online pyrolysis tests. Broido-Nelson 
model developed in 1975, shows that at first stage due to low 
temperatures below 280°C, slow heating rates has lead to 
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formation of anhydrocellulose detected by DTA and in 
second stage at 280°C the remaining unreacted cellulose 
undergoes an endothermic reaction which leads to formation 
of tar. The third stage expresses an exothermic 
decomposition of anhydrocellulose to form char and gas [29]. 
Model developed by Diebold in 1994 and Wooten in 2004 
show that when small pellets of cellulose were heated by 
radiant flash pyrolysis, anhydroligosaccharides such as 
levoglucosan, cellobiosan and cellotriosan were formed. 
With slow heating process, at 300°C - 325°C intermediate 
cellulose namely “active cellulose” was formed. Brandburry 
and Antal have suggested that repolymerization of 
levoglucosan could be the reason behind tar formations [29]. 

At the end it is understood that lignocellulosic materials 
need pretreatment to break down the strong cell wall 
structure of the biomass. Numerous methods were found to 
perform pre-treatment processes depending on the 
requirement, aiming for the result as shown in the Figure 1. 

The pre-treatment processes are classified according to the 
method chosen [27]. 

1.  Mechanical pre-treatment process – Chopping, 
Grinding, and Milling. 

2.  Physical-chemical pre-treatment – Steam explosion, 
Ammonia Fiber Expansion (AFEX), Supercritical 
fluids, Liquid hot water, Irradiation. 

3.  Chemical Pre-treatment – Ozonylysis, Organosolv 
Process, Alkaline hydrolysis, Acid hydrolysis, 
Oxidative pretreatment, Ionic Liquids, Biological 
pretreatment. 

 
Figure 1.  Schematic representation of Pre-treatment process on 
lignocellulosic material [30] 

Common phenomena involved in these methods is to 
break down the lignin – hemicellulosic matrix in order to 
allow cellulose enzymes to react with the cellulose portion of 
the biomass so that hydrolysis reactions could take place to 
form glucose and other soluble sugars. Also, these processes 
would reduce the crystallinity, remove lignin and 
hemicellulose and increase the biomass porosity. These 
methods are known to be effective, but have some 
disadvantages in terms of energy consumption or energy 

input, corrosion of processing tools, introduction of 
inhibiting effects, number of separation and purification 
steps etc. The performance of the pre-treatment depends on 
energy input and output, and the environmental impact. Use 
of high amounts of water and solvents are few steps 
influencing the cost of the pre-treatment processes and are 
having negative impact on environment [31]. Most of the 
papers reviewed have implemented pre-treatment processes 
to produce ethanol as bio-fuel, through fermentation, 
enzymatic hydrolysis techniques. Mechanical pre-treatment 
is a suitable method for Product gas or Natural gas 
production through gasification. 

Mechanical pre-treatment is a chemical free operation and 
effective because the particle size can be reduced to 0.5 – 2 
mm, decrease the cellulose crystallinity effectively and 
increase surface accessible area, but it is not cost effective as 
the process demands high energy requirements [31]. It 
depends on the type of biomass used, the energy required for 
reducing wood size is different from reducing the straw and 
corn stover. According to Daniel J. Schell et al. [32] 20 – 40 
kWh/ton is required for coarse reduction of hardwood chips 
to 0.6 – 2.0 mm and that of 100 to 200kWh/ton is required for 
size reduction to 0.15 – 3.0 mm. Energy required for 
reducing the corn stover and straw is between 6 – 36% of the 
energy required for wood [32]. 

The reason behind for such high energy consumption is 
because of presence of high moisture content in the biomass. 
To minimize the energy consumption for performing 
mechanical treatment, a strength reduction treatment is 
required, i.e. treatment to weaken the bonds and reduce 
moisture content in the biomass. 

Possible way to remove moisture is by drying the biomass 
be it either agro waste sludge or woody chips. Drying 
process is an important aspect which is carried out at the 
initial stages of the gasification process. The biomass is 
heated at low temperatures ranging between 100°C to 200°C. 
The moisture present in the biomass and also loosely 
bounded water will be released. The free moisture gets 
evaporated and later the heat penetrates into the interior of 
the biomass for further cracking process [1].  

Torrefaction is a partial pyrolysis process, carried out 
under 200 – 350 °C at atmospheric pressure and absence of 
air. It removes moisture and volatiles from the biomass and 
releases the final product as char and product gas. This 
treatment destructs the fibrous structure, tenacity of the 
wood, increases the calorific value and inverts the 
hydrophilic nature. The biomass is partially devolatalized, 
reducing the mass but energy content is preserved in the solid 
product. For further details about the torrefaction process is 
provided in [34]. According to A. van der Drift et al. [35], 
torrefaction process influences the power consumed to 
perform milling process. The electric power consumption 
depends on the size of the biomass. On comparing the power 
consumed by dried wood and torrefied wood it was found 
that, the electricity consumption increased when wood was 
milled below 1 mm size, but with torrefied wood the 
electricity needed was reduced by 80% [36]. 
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After undergoing important pre-treatment processes the 
treated biomass will be sent for pulverization by using 
mechanical devices like milling equipment, crushers, cutters 
etc. Literature reviews on gasification using pulverized 
biomass highlight the benefits like setting up multistage 
gasification plant, provides controlled gasification, checks 
on tar production, allows recycling of tar and ash for 
re-combustion and reduction and concentrated flow of heat 
on the biomass etc. Such a biomass form is suitable in new 
gasification processes like Entrained flow, Cyclone and 
Microwave. Most of the equipments like tubular and 
fluidized bed reactors, electric furnaces, ovens, heaters, 
stirred batched reactors work with external thermal energy 
supply. This heat is used in heating all the materials present 
in the reactor such as the pyrolyzed volatile substances, gases 
and the reactor wall chamber itself. Here, the heat energy is 
not concentrated totally on the feedstock which has to be 
heated, this results in significant energy loss in terms of 
energy efficiency of the gasification process [33]. 

3. Downdraft Gasification 
Gasification technology is basically process for 

converting solid or liquid feed stock into a gaseous or 
liquefied fuel that can be burned to release energy [1]. 

There are many gasifier reactor have been designed 
depending on their uses. Gasifier are mainly three type- 
Fixed-bed type, Fluidized-bed type and Entrained-flow type 
these types are classified according the type of feed stock 
used. In this paper we are using downdraft gasifier for 
gasification. The feed stock is feed from the top of the 
gasifier through hopper and the gasifying agent like air , 
oxygen or steam is introduced from the sides of the reactor at 
combustion zone. The gasification process involve complex 
combination of pyrolysis and oxidation where the biomass 
start converting gaseous form and release CO, H2O, CH4, 
CO2, H2, NOx and tar. 

 

Figure 2.  Downdraft gasifier 

Generally gasification process completed in four 
stages-Drying, Pyrolysis, Partial Combustion and Reduction. 
In drying and pyrolysis stage feed stock gets heated at 
temperature ranging from 100°C -200°C and 300°C – 650°C 
respectively in absence of air or oxygen [1]. Pyrolysis 
process involves partial decomposition or thermal 
breakdown of large hydrocarbon molecules into small gas 
molecules. During this process most of the moisture gets 
evaporate from the feed stock and left with tar as a main 
product. These processes acquire heat form the combustion 
zone where large amount of heat is released due to fast 
oxidation between carbon compounds and air. CO2 and H2O 
are the major compounds released after combustion zone at 
temperature range 1000°C – 1200°C then these gases passed 
through reduction zone where gasification reaction take 
place to form CO and H2. Finally the gas coming out form 
the reactor is known as producer gas. Around 800°C will be 
the operating temperature of gas in the reactor [1]. 

4. Chemical Reactions 
Chemical reactions in the gasification process are listed 

down [1]. 
kJ/mol 172 H , 2CO  CO C 2 =∆↔+             (1) 

kJ/mol 131 H , H  CO  OH C 22 =∆+↔+          (2) 

kJ/mol 74.8  H , CH  2H C 42 =∆↔+             (3) 

kJ/mol 111 H , 2CO H 0.5 C 2 =∆+               (4) 

kJ/mol 349 - H , CO   O C 22 =∆↔+             (5) 

kJ/mol 284 - H , CO   O 0.5 C 22 =∆↔+          (6) 

kJ/mol 803 - H , O2H  CO   O 2 CH 2224 =∆+↔+   (7) 

kJ/mol 41.2 - H , H  CO  OH CO 222 =∆+↔+      (8) 

kJ/mol 247 - H , CO  CH  2H 2CO 242 =∆+↔+    (9) 

kJ/mol 206 - H , OH  CH  3H CO 242 =∆+↔+    (10) 

kJ/mol 165 - H , O2H  CH  4H CO 242 =∆+↔+   (11) 

kJ/mol 206  H , 3H  CO   OH CH 2224 =∆+↔+   (12) 

kJ/mol 36 -  H , 2H  CO   O 0.5 CH 224 =∆+↔+  (13) 

 

Figure 3.  Typical Outline Sketch of Gasification Process 
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5. Design and Operating Parameters 
Biomethane extraction from the producer gas depends on 

the quality of the gas produced by gasifier. Methane product 
can be easily extracted if the yield of methane is high in the 
product gas. Gasification process design play a major roll on 
quality, yield and composition of the product gas to obtain a 
purified SNG. Following parameters are reviewed in order to 
construct process plant based on literature survey. 

5.1. Biomass 

5.1.1. Biomass Type 

Agriculture waste sludge materials like Rice husk, wheat 
straw, wood chips, saw dust, cow manure, bagasse are 
chosen because of its availability and various advantages [2]. 

5.1.2. Ash Content 

Proximate analysis gives the detail of amount of ash 
present in the biomass. If less ash content presents in the 
biomass it means the quality of gas is good and it also 
improve the gasifier performance. From the observation 
Table 2 only wood biomass having lower ash content 
compare to other biomass. This clearly says that the wood 
type biomass is more favourable [1]. 

Table 2.  Ultimate Analysis of Few Biomass (Dry Basis) 

Fuel C 
(%) 

H 
(%) 

N 
(%) 

S 
(%) 

O 
(%) 

Ash 
(%) 

HHV 
(kJ/kg) 

Redwood 53.5 5.9 0.1 0 40.3 0.2 21,028 

Redwood 
(waste) 53.4 6.0 0.1 39.9 0.1 0.6 21,314 

Sewage 
Sludge 29.2 3.8 4.1 0.7 19.9 42.1 16000 

Rice Straw 39.2 5.1 0.6 0.1 35.8 19.2 15,213 

Rice husk 38.5 5.7 0.5 0 39.8 15.5 15,376 

Sawdust 47.2 6.5 0 0 45.4 1.0 20,502 

MSW 47.6 6.0 1.2 0.3 32.9 12.0 19,879 

5.1.3. Moisture Content 

Moisture presence in the biomass affects the calorific 
value of product gas, heat input, gasifier performance and 
concentration of CO, H2 and CO2. 

From the data available in Table 3 as the moisture contents 
increase in the biomass the concentration of CO2 and H2 
increases whereas the CO decreases, there is no effect on 
production of CH4. When wood is used as a feed stock in 
downdraft gasifier, the maximum permissible limit of 
moisture content is 40% [1, 2, 3]. 

Table 3.  Moisture Content Influence on Product-Gas Compounds Using 
Downdraft Gasifier [2] 

Moisture 
content CO CO2 H2 CH4 

Max. 
Limit 

(% w.b) 

Increases Decreases Increases Increase No 
change 40 

5.1.4. Ignition Temperature 

Behaviour of the combustion reaction rate solely depends 
on the self igniting temperature of the biomass. Maintaining 
this temperature or above it would make the biomass 
self-sustained, providing required heat energy to carry out 
endothermic reactions such as Drying, Pyrolysis and 
Reduction reactions. Most of the biomass materials are 
volatile in nature, therefore the required temperature to burn 
is not high compared to the coal and other fossil fuels. From 
the data provided in [1, 7] show that most of the wood 
biomass materials are having the self ignition temperature 
ranging between 160°C and 220°C. The Table 4 conveys that 
the ignition temperature decreases with increase in volume 
of the wood feedstock fed into the gasifier, in the form of 
chips, pellets or briquettes [6]. V/S means ratio of volume 
over surface area of the sample. 

Table 4. Self Ignition Temperature [7] 

Sample Vol. in cm3 V/S in m SIT in °C 

Wood chips 100 0.005 210 

Wood chips 200 0.006 204 

Wood chips 400 0.008 196 

Wood chips 800 0.010 188 

Wood pellets 100 0.005 184 

Wood pellets 200 0.006 180 

Wood pellets 400 0.008 172 

Wood pellets 800 0.010 168 

Wood briquettes 200 0.006 180 

Wood briquettes 400 0.008 176 

Waste wood 400 0.008 188 

Waste wood 800 0.010 176 

Waste wood 1600 0.013 176 

5.1.5. Feedstock Pellet Size 

Dimensioning of the wood biomass into a uniform shape 
will increase the performance of the gasifier. On comparing 
different sizes of the pellets, it is found that smaller the pellet 
size better the gasifier efficiency and quality of the gas. From 
the information provided, out of the 12mm, 8mm and 6mm 
sized pellets, gasification using 6 mm sized roundwood 
feedstock gave 56.7% Cold gas efficiency. Wood logs and 
bark chips which are even more smaller than the pellets have 
shown better performance. [7]. 

5.1.6. Feedstock Pre-Processing 

Pre-processing involves preparing the biomass fuel to a 
permissible level which helps in yielding a quality gas. 
Pre-processing influences the heating rate, energy consumed 
to remove moisture and tar, ash fusion temperatures. Each 
biomass type contains different compositions with varying 
organic and inorganic elements in it. Alkali and alkaline 
earth metals and other metals like silica, sulfur and chlorine 
are the main inorganic elements which participate in 
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undesirable reactions in the combustion chambers leading to 
critical problems of fouling and slag during gasification 
process. [6, 7] 

5.2. Product Gas 

5.2.1. Desired Composition 

Clean product gas has following components like CO, 
H2O, CH4, CO2, H2. Syngas composition depends on the 
chemical composition of the feed stock feed into the gasifier. 
Typical syngas composition are CO (35% - 40%), H2 (20% - 
40%), CO2 (25% - 35%), CH4 (0% - 15%) and N2 (2% - 5%). 
The main object is to produce large amount of bio-methane 
(Natural gas). Syngas (SNG) can be obtained after filtration 
and purification of product gas. 

Syngas has high conversion efficiency so through 
methanation process it can be converted to bio-methane. 
High amount of CH4, H2, CO and proportionally negligible 
amount of N2 is desirable. 

5.2.2. Power Output 

Required power output for generation of electricity is an 
essential input parameter. Based on this parameter, amount 
of fuel to be fed into the gasifier and amount of gasifying 
medium to be used for combustion reaction can be estimated 
[1]. 

5.2.3. Flow Rate of Product Gas 

Following expression gives the volume flow rate of the 
producer gas (m3/s) [1]. 









3m
MJ  valueheatingLower 

(MW)output Power 
           (14) 

The above parameter is also useful to find the other 
parameters like mass flow of fuel gas species. To calculate 
the mass balance and energy balance of the gasifier, volume 
of the mass flow rate of the species are required [8]. 

5.2.4. Higher Heating Value 

High heating value of a fuel is defined that the amount of 
heat released by a specific quantity of fuel is combusted. 
Paper [9] provides a detail data of lower and higher heating 
values of various fuels. The higher heating values for 
gaseous, liquid and solid fuels, Natural gas has 52.225 MJ/kg, 
Diesel has 45.766 MJ/kg, Gasoline has 46.536 MJ/kg and 
Hydrogen has 142.18 MJ/kg. These data clearly stated that 
the Natural gas has the potential to the other conventional 
fossil fuels after hydrogen [9]. 

5.2.5. Gasifying Agents 

Air, steam and oxygen are three gasifying agent. The 
selection of gasifying agent depends on the heating value and 
composition of the product gas. Table 5 shows the HHV of 
product gas using different gasifying agents. In atmosphere, 
air has 79% of N2 and 21% of O2, the oxygen is the active 

part in combustion but at high temperature N2 gets oxidized 
and form NOx which lowered the calorific value of product 
gas then the product gas produced by other gasifying agent 
like steam or pure oxygen. 

Table 5.  LHV of the Product Gas [1] 

Gasification medium Range of heating value of 
product gas (MJ/m3) 

Air gasification 4-7 

Steam gasification 10-18 

Oxygen gasification 12-28 

5.3. Design Parameters of Gasifier 

5.3.1. Gasifier Type 

Downdraft gasifier is preferred because it removes more 
amount of tar, better efficiency (70 – 85%), low cost and 
suitable for wood gasification. 

5.3.2. Reactor Height 

The reactor height from top to bottom can be finding by 
the use of this expression. The parameter depends on SGR, 
operating time and density of the fuel [4]. 

r

T  SGR
ρ
×                 (15) 

Where SGR stands for specific gasification rate (kg/hr × 
m2), T stands for operating time (min), ρr means density of 
the fuel (kg/m3) 

5.3.3. Reactor Diameter 

Following expression is used to determine the reactor 
diameter [14]. 

 
SGR

FCR 27.1 ×              (16) 

Where FCR stands for Fuel consumption rate (kg/hr), 
SGR stands for specific gasification rate (kg/hr × m2). 

5.3.4. Throat Design 

Gasifier throat is nothing but the reduction of area just 
before the oxidation zone which provide the uniform motion 
to devolatilized or pyrolized biomass and allowing uniform 
distribution of temperature and sufficient time for tar 
cracking into small molecules of hydrocarbon. Throat 
dimensioning is related to the “Hearth Load” concept. 

5.3.5. Hearth Load (Bg) 

Hearth load is the ration of amount of fuel consumed to the 
surface area of the throat (Bs), expressed as Kg-m3/cm2-h. It 
is given that for one kilogram of dry fuel under normal 
conditions produces about 2.5 m3 of producer gas. The 
relation between Bg and Bs is given by: Bg = 2.5 BS. Hearth 
load depends on the temperature and heat insulation of hot 
zone. A maximum value of 0.9 indicates that the gasifier is in 
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good operation. Higher value of hearth load increases the 
pressure drop over the reduction zone of the gasifier. The 
gasifier produces lass tar or tar free when it should be 
properly insulated and maintained the hearth load value 
between 0.15 and 0.18 [3]. 

 throat theof area Surface
  volumeGross  B Max. g =      (17) 

Throat diameter can be determined by the use of above 
expression. Paper [5] provides the standard calculation for 
reactor dimensions. 

5.3.6. Insulation  

In gasification process temperature plays a major role. 
Quality and composition of the product gas are very much 
affected by the temperature fluctuation. From temperature 
range 200°C to 800°C active oxidation reaction occurs and 
from 800°C to 1200°C tar is cracked into smaller gaseous 
molecules. Average of about 1000°C temperature is 
maintained continuously. Due to improper reaction heat loss 
occurs thereby consumption of biomass fuel increases and 
gasifying medium lead to decrease gasifier efficiency. 

It is essential to conserve the heat generated by the 
combustion reactions in the reactor. Corrosion of inner layer 
of the gasifier is another problem to be taken care of. Good 
insulation, non-corrosive and long life material at high 
temperatures must be selected. Materials which can 
withstand high temperatures are stainless steel, firebricks, 
ceramics, refractory materials like cement, copper, brass, 
alumino-silicate. Among these stainless steel is bit expensive 
as it requires inert gas welding techniques, with copper and 
brass are also expensive and are costlier compare to other 
materials from the list. Instead, alumino-silicate material, a 
high-temperature insulation wool (HTIW) is recommendable 
as it is light weight, capable of withstanding temperatures 
upto 1500°C, high durability, better heat-flow resistance and 
inexpensive [10]. 

5.3.7. Cyclone Separator 

It is one of the dry collectors which remove dust, droplet, 
and ash particles at low cost and low maintenance. The 
operating principle of the cyclone separator is that it paves a 
rotary path to the gases, increasing the settling rate by many 
times than the gravitational separators. The detailed design 
principles and selection strategies are available [10, 38]. 

5.4. Operating Parameters of Gasifier System 

5.4.1. Residence Time and Heating Rate 

Residence time and heating rate go hand in hand in every 
zone. These parameters affect the tar levels, phase 
transformations of the biomass fuel. Different products are 
obtained for different values of these parameters. A 
pre-heated feedstock, heating rate gets faster and residence 
time is brought down to lesser time period for yielding the 
same product. Carlos [8] explains the effects of pre-heating 

feedstock with various pellet sizes on heating rate and 
resulting constituents of the product gas. 

5.4.2. Air Flow Rate 

Air is a gasifying agent used in combustion zone to 
partially oxidize the devolatilized biomass. The parameter is 
useful to determine the fan size or blower which is need to 
fixed along the sides of the reactor. Parameter depends on 
equivalence ratio, fuel consumption rate, stoichiometric rate 
of fuel and density of air. Air flow rate can be calculated by 
given expression. 

a

SR  FCR  
ρ

ε ××                (18) 

Where (ε) stands for equivalence ratio, FCR means fuel 
consumption rate (kg/hr), SR means stoichiometric rate, ρa 
stands for density of air (kg/m3). 

5.4.3. Operating Temperature 

Amount of oxygen feed to the gasifier system depends on 
the operating temperature. Oxidation reactions are 
exothermic reactions which release heat energy that become 
the source of whole gasifier system to work properly and to 
process pyrolysis and combustion zone also. Once the 
gasifier temperature reaches the self ignition temperature of 
the biomass then the gasification process becomes self 
sustaining and solely depends on the oxygen source [10]. 

5.4.4. Equivalence Ratio 

Equivalence ratio (ER) is the ratio of actual air-fuel ratio 
to stoichiometric air - fuel ratio. The parameter refers when 
air and oxygen is used as a gasifying agent. It helps to 
determine the tar concentration present during gasification. 
By increasing the ER tar formation in the product gas can be 
reduced. High ER means greater oxygen content allowed to 
react with the volatiles present in the combustion zone. 
When air is used as gasifying agent for gasification process 
the suitable value for ER is between 0.25 to 0.3. Variation in 
the ER affects the energy in the product gas, gas composition, 
gasification temperature and conversion of energy from char 
to gas. For complete oxidation of biomass with air a weight 
ratio (mass of air / mass of biomass) of 6.36 is required 
whereas with oxygen a weight ratio of 1.476 is needed. So to 
convert all char into gas as Equivalence ratio 0.25 has been 
more preferred. 

The conversion rate of part of wood energy to gas reaches 
maximum. Air filtered from nitrogen, dust particles and 
other impurities enters the reactor with more oxygen content. 
Using such a filtered air is recommendable to improve the 
efficiency of the gasification and quality of the product-gas. 

Table 6 provides information on the products obtained by 
heating the biomass at different heating rates and residence 
times. Depending on the combination of set of parameters, 
pyrolysis is classified into various processes. When biomass 
is set to undergo the devolatilization process, with very low 
heating rate and very slow residence time carbonization 
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reactions are observed which yield charcoal as the product, if 
heating rate is maintained low and decreasing the residence 
time to 5 – 30 minutes then a conventional pyrolysis process 
takes place at temperature of 600°C producing char, bio-oil, 
and gas as products. Likewise, by increasing the heating rate 
and allowing less residence time, bio-oil, chemicals and gas 
are the main products obtained at different proportions 
respectively. 

Table 6.  Products Obtained from Pyrolysis Process Due to Varying 
Heating Rates and Residence Times [1] 

Pyrolysis 
process 

Residenc
e time 

Heating 
rate 

Final 
temperature °

C 
Products 

Carbonization Days Very 
low 400 Charcoal 

Conventional 5-30 min Low 600 
Char, 

bio-oil, 
gas 

Fast <2s Very 
high 500 Bio-oil 

Flash <1s High <650 
Bio-oil, 

chemical, 
gas 

Ultra-rapid <0.5s Very 
high ~1000 Chemicals

, gas 

Vacuum 2-30 s Mediu
m 400 Bio-oil 

Hydropyrolysi
s <10 s High <500 Bio-oil 

Methano - 
pyrolysis <10 s High >700 Chemicals 

6. Tar Formation 
After thermal or partial oxidation of biomass material it 

produce tar which is undesirable aromatic by product having 
condensable hydrocarbon, complex polyaromatic 
hydrocarbon and oxidized 1-5 aromatic ring. 

6.1. Classification of Tar 

Tar is classified into four major types [11]. 
1.  Primary products: Hydroxylacetaldehyde, 

Levoglucosan, furfurals, analogous 
hemicellulose-derived products and lignin-derived 
methoxyphenols. 

2.  Secondary products: Olefins and phenolics. 
3.  Alkyl tertiary products: Include methyl derivatives of 

aromatics, acenaphthylene, methylnaphthalene, 
toluene and indene. 

4.  Condensed tertiary products: PAH series like benzene, 
naphthalene, acenaphthylene, anthracene/ 
phenanthrene, and pyrene. 

Temperature and gas phase residence time is the function 
of transformed tar product. Tar formation at different 

temperature is shown by given equation. The process as 
follows when biomass reaches its self ignition temperature 
about 250°C, due to partial oxidation reactions under low 
pressure and 400°C temperature a part of biomass fuel start 
to transformed into primary vapours (oxygenates) then these 
oxygenate convert into light hydrocarbons aromatic like 
phenolic ethers at 500°C, then at 600°CC it convert into alkyl 
phenolics, then heterocyclic ethers at 700°C, then at 900°C 
and above the large complex polyaromatic hydrocarbons are 
formed. Finally these large molecules get cracked down to 
CO, H2, CO2, H2O and upon condensation form soot and 
coke. 

0 0 0 0 0 0

Mixed Phenolic arg

oxygenates Ethers phenolics
  

400 C 500 C 600 C 700 C 800 C 900 C

Alkyl Heterocyclic L e

Ethers PAHPAH
→ → → → →

 (19) 

Tar cracking was possible when the vaporized form of gas 
with tar was allowed to pass through the char bed, this 
reduces the tar product and yields of CH4, CO2, H2 observed 
in product gas [12]. 

7. Product Gas Cleaning Methods 
7.1. Tar Reduction Techniques 

Tar can be eliminate by two methods: Primary method, in 
which tar reduces inside the gasifier system and second 
method in which tar eliminates outside the gasifier system by 
several approaches like physical separation or thermal 
cracking, plasma assisted cracking or catalytic reforming. 
Few strategies are suggested by Y. Neubauer [13] to reduce 
tar production. The combination of primary and downstream 
utilization technique would be effective in tar removal. Steps 
involved are: 

7.1.1. Staged Gasification Systems 

Multistage downdraft gasifier is good option to improve 
the gasification efficiency and reduce the tar contents present 
in the product gas. In this approach the four reaction zones 
are separated to each other, the process start from drying 
followed by pyrolysis, combustion and reduction. List of few 
staged gasifier names are: Viking gasifier, TK Energi AS, 
Clean ST Gas, Xylowatt. The tar concentration in product 
gas is comparatively very low in these gasifiers. Ulrik 
Henriksen et al. [14, 15] shows the performance details of 
Viking gasifier that is gasifier efficiency is about 93%, tar 
and dust level are less than 5. 

7.1.2. Use Catalytic Active Bed Materials as Additives in the 
Biomass 

Following are the catalytic active bed material used as 
additive in the biomass these additive or catalyst are 
dolomite, limestone, olivine sand, bauxite, lanthanum, 
alumina, nickel aluminate, cobalt, natural clay minerals and 
iron minerals [17]. Active carbon, calcined dolomite, 
Y-zeolite at 550°C are the best suited for tar removal after 
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investigating the many catalyst by different visitors [17]. 
These additives needs throughout mixing with the biomass 
before starting pyrolysis process. Yafei Shen et al. [16] deals 
with In-situ catalysis using Silica – Based nickel nano 
particles embedded in rice husk char. Nickel catalysts 
embedded rice husk are prepared and tested in various 
proportion during gasification process as a result small 
amount of PAHs and simple molecular structure of tar 
compounds are found. The formation of tar can be reduce or 
eliminate by the use of Ni catalysts but this approach is bit 
expensive as the additives have to be replaced after few 
hours of operation with new bed. Instead of Bio char the 
In-situ catalyst is more useful, cheaper and efficient to 
remove heavy PAHs like toluene, benzene. Activated carbon 
has higher surface area and thereby it has higher removal 
efficiency of 69% to 92%. Removal of toluene can be 
increased by 10% at higher temperature 800°C [18]. 

In the case of In situ catalyst, Bio-char derived catalyst 
was found potential enough to remove most of the tar content. 
Biochar is the byproduct of the biomass gasification. 
Researchers in Okhlahoma state university have processed 
the bio-char catalyst consisting of original biochar, biochar – 
derived activated carbon and biochar – derived activated 
carbon with acidic surface. Results showed that tar was 
removed by 92% and with increase in reactor temperature 
the toluene removal efficiency was increased by 3 to 10%. 
[37]. 

7.2. Downstream Utilization Technique 

7.2.1. Cyclone Separator 

Cyclone separator is attached at the outlet of the gasifier 
system to remove dust particles and other solid impurities 
grather then 10µm size [10]. The design of cyclone separator 
can be scaled up according to the desired dimension of 
gasifier size. 

7.2.2. Bag House Filter 

To capture dust particles the bag house filters are widely 
used. The gas passes through this fibrous bag which is 
enclosed inside the metal caged chamber. The dust particles 
are accumulated inside the bag.  

Once the dust cake is completely block the bag then it 
need to remove by manually or to apply pressurized gas to its 
proper functioning.  

7.2.3. Reforming Char Catalyst 

The bio-char catalyst, used in the reduction bed can be 
used outside the gasifier as a downstream catalytic converter. 
Catalysts supported by char have been proven to show high 
potentiality for reforming of biomass tar. Nickel additive is 
efficient enough in reducing tar. Although Nickel based char 
can be used in tar reforming but a comparison study shows 
that char supported Iron catalyst is better for tar reforming 
application than Ni supported char catalyst [19]. 

7.2.4. Scrubbing System / Gas Washing  

For filtering producer gas, wet scrubbing system also used. 
This scrubbing system works on the principle of Brownian 
motion of the particles with diameter between 0.1 to 1 µm. 
This filtering system is able to remove 49% of heavy tar,   
62% of light tars and 79% of hydrocyclic contents with a 
dew point at around 180°C but the main problem with is 
system is that during process water and tar gets mixed with 
each other and form sticky polymeric liquids which cannot 
be decomposed anywhere [20]. 

In recent years a new system has been developed by ECN 
known as OLGA system in Netherlands. In this system dust, 
tar and water are not allowed to mix. OLGA runs on basis of 
dew point control. The technology developer mainly ECN 
and Dahlman Industrial group assure that OLGA eliminates 
100% - heavy tars, 100% - light tars, 99% Heterocyclic 
contents with dew point maintained below 20°C. 

7.2.5. Catalytic NOx Absorber 

If air is used as the gasifying agent then the oxides of 
nitrogen are formed due to high temperature oxidation 
reactions. Catalytic converters like SCR, EGR and 
Adsorption techniques were used to remove NOx molecules 
from exhaust gases. Few papers have reviewed on methods 
to filter NOx. Energy research centre investigates results on 
absorption of Nitrogen oxides in alkaline solution of sodium 
hypochlorite in a packed column. Results of the above 
investigations shown that the absorption work efficiently 
which depends on parameters like gas velocity, spraying 
density, concentration of nitrogen oxides in gas and 
concentration of spraying solution [20]. 

7.2.6. Sequestration of CO2 

For storage and capturing of CO2 is still under research 
phase. Number of methods has been tested to sequester CO2. 
Caron dioxide scrubber is one such device uses catalyst like 
amines, minerals-zeolites, lithium hydroxide, sodium 
hydroxide and activated carbon to absorb CO2. Among these 
catalysts activated carbon is cheap source and available in 
large quantity and thereby it is used as a catalyst to absorb 
CO2. Once catalyst gets saturated it can be regenerated by 
blowing ambient air and collect accumulated CO2 and then 
reuse it in scrubber [22]. 

8. Methanation 
Methanation is the last stage process in the purification of 

the product gas. The product gas has to be tar free and has 
less concentration of CO2. The remaining CO and CO2 left in 
the gas will undergo catalytic reaction with hydrogen to form 
methane.  

kcal/mol 51.8 K 573 -  H , OH CH  O3H  CO 0
242 ==∆+→+ (20) 

0
2 2 4 2CO  4H O CH  2H O , H  - 573 K  41.9 kcal/mol+ → + ∆ = = (21) 
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George W Bridger et al. [23] nickel based catalyst is used 
at operating temperature of about 300°C which converts all 
oxides of carbon to methane and water. Since, the reactions 
are exothermic in nature, the temperature rise for the 
methanation reaction is around 35°C. Meyer, H.S. Hillet el al. 
[24] presents a Direct Methanation process to convert 
directly synthesised gas to natural gas without involving any 
more complex cleaning technology. This process uses new 
family of catalysts named GRI 400 and GRI 500, work as a 
substitute for the water-gas shift reaction. This method has 
many advantages like reduction of the overall unit cost of 
production of the product gas. But this process is well under 
development stage and not many developments have been 
found in later stages. 

9. Literature Review Gap and Future 
Research Direction 

The development of the gasification technology involves 
many stages involving process planning, component 
selection and designing, fabrication, assembly, 
experimentation and validation. From the reviews, it is found 
that most of the researchers have started from the second 
stage, followed with third and fourth stage. Figure 4 shows 
the flow diagram of the planning stages, first stage focuses 
on the process planning. Based on the objectives put forward 
in this paper, large part of efforts has to be invested on the 
formulation of the biomass fuel to reduce Tar formation to 
negligible levels. There are two important issues which have 
to be dealt, Firstly, efforts on analysis of various feedstocks 
developed through combinations of agro based waste 
products with cattle manure is required as there is little 
information provided from the literature survey. Secondly, 
design of selective catalytic reduction type catalytic 
converter for gasification process. 

 

Figure 4.  Planning stages for development of gasification technology 

 
Figure 5.  Cross-section view of a selective catalytic reduction type novel 
catalytic converter 

Figure 5 shows the cross – sectional view of the inner 
chamber of the selective catalytic reduction type catalytic 
converter. The chamber will be provided with alternative 
openings for allowing the gas to pass through. Holes are 
provided along the length of the converter at all faces as 
shown in the Figure 5. Figure 6 shows the overall shape of 
the catalytic converter with outer and inner chamber. This 
design will increase the residence time of the gas and also 
increases the interaction of the gas with the catalyst. The rods 
can be detached for cleaning purposes and regenerate the 
catalyst. 

 

Figure 6.  Catalytic converter with outer casing 

The peculiar feature of this converter is it has two different 
catalyst coatings, the orange color indicates for catalyst 
coating for NOx filtration and the block with closed ends has 
catalyst coating for CO2 filtration which is indicated by blue 
color. The mechanism of this model is that gas will enter 
through an open inlet rod, then pass through the holes to 
another rod and finally come out of the inner chamber and 
enter the outer chamber. From outer chamber gas will enter 
the nozzle inlet and leave from the nozzle outlet with 
increased velocity. The dimension of each rod is 9×9 mm2 
and the length of each rod is 40 cm. 

As per the literature it is decided that the coatings will be 
of nickel based. 

By the equation of continuity,  
A1V1 = A2V2 ,              (22) 
V2 / V1 = A1 / A2 

Where A2 = 16 cm2 and A1 = 36 cm2  
Therefore V2 / V1 = 2.25. 
The velocity of the gas is increased by a factor of 2.25. 
A pilot plan has been designed and also the modification 

of the downdraft reactor interior design has been done to 
make it more efficient in producing the required clean 
producer gas. Multistage down draft gasification system has 
been proposed to have a controlled gasification observation 
to understand the dynamic reactions happening inside the 
14kW gasifier. All parameters viz operating and 
performance, of gasification process have to be examined at 
each inlet and outlet of the respective zones so that 
production of tar and other impurities could be reduced to 
negligible proportion. In this way more volume fraction of 
components like CH4, CO, CO2, and H2 remaining in the 
product gas. 
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Figure 7.  Proposed pilot plan of multistage downdraft gasifier 

Table 7.  Parts Name of Proposed Pilot Plant Multistage Downdraft 
Gasifier 

Part number Part name 

1 Feedstock 

2 Hopper 

3 Drying zone 

4 Pyrolysis zone 

5 Air Filter 

6 Oxygenated Air 

7 Combustion zone 

8 Residue collector 

9 Reduction Chamber 

10 Cyclone 

11 Bio-Char filter 

12 Bag house filter 

13 CO2 Sequestration 

14 Heater 

15 Methanation 

16 Bio-methane 

10. Conclusions 
Review of the literature survey highlights that many 

innovative approaches have been implemented by the 
researchers to improvise gasification process. With the help 
of technology advancements, gaps which were once left 
behind like Tar removal are gradually being filled by close 
observations and analyzing the complexity in the processes. 
Deep study of the variations in the biomass characteristics 
has provided few clues on how to batter the Tar and NOx 
pollutants and other impurities. Pre-treatment of the biomass 
and preparation of the feedstock would resolve the issue of 
Tar to large extent. By using effective catalyst like nickel 
based catalyst would reduce NOx in the producer gas. 
Designing a novel catalytic converter for removing 
impurities in the gas would provide clean producer gas. Pilot 
work is essential for broadening the know-how in the 
gasification process, thereby paving way for structuring 
efficient gasification process. 
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