
ADVANCES in NATURAL and APPLIED SCIENCES 
 

ISSN: 1995-0772   Published BYAENSI  Publication 
EISSN: 1998-1090             http://www.aensiweb.com/ANAS 

2017 April 11(4): pages 300-310            Open Access Journal 

 

ToCite ThisArticle: M. Ramarao, M.Senthil kumar S.Vivekanandan Dr.V.Suresh P.Senthil kumar D.Jayaprakash., Effect of 
Biomass Blending on Gasification: A Review. Advances in Natural and Applied Sciences. 11(4); Pages: 300-310 

 

Effect of Biomass Blending on Gasification: A 
Review 
 

1M. Ramarao, 2M.Senthil kumar 3S.Vivekanandan 4Dr.V.Suresh 5P.Senthil kumar 6D.Jayaprakash 
 

1Assistant Professor,Department Of Mechanical Engineering, HolyMary Insitute of technology &Science college of engineering 
Bogaram(v),Ranga reddy-dist-501301,Hyderabed.Telengana, 
2Assistant Professor, Department Of Mechanical Engineering, Annamalai University, Annamalai Nagar, Chidambaram-608002, 
3Associate Professor, Department Of Mechanical Engineering, Annamalai University, Annamalai Nagar, Chidambaram-608002, 
4Associate Professor, Department Of Mechanical Engineering, Holy Mary Insitute of technology & Science college of engineering 
Bogaram(v),Ranga reddy-dist-501301,Hyderabed.Telengana, 
5Assistant Professor, Department Of Mechanical Engineering, Holy Mary Insitute of technology & Science college of engineering 
Bogaram(v),Ranga reddy-dist-501301,Hyderabed.Telengana, 
6Assistant Professor, Department Of Mechanical Engineering, Holy Mary Insitute of technology & Science college of engineering 
Bogaram(v),Ranga reddy-dist-501301,Hyderabed.Telengana, 
 
Received 28 February 2017; Accepted 22 March 2017; Available online 25 April 2017 
 

Address For Correspondence: 
M. Ramarao, Assistant Professor, Department Of Mechanical Engineering, HolyMary Insitute of technology &Science college of 
engineering Bogaram(v),Ranga reddy-dist-501301,Hyderabed.Telengana, 
E-mail: ramaraoenergy1983@gmail.com 

 
Copyright © 2017 by authors and American-Eurasian Network for Scientific Information (AENSI Publication). 
This work is licensed under the Creative Commons Attribution International License (CC BY). 
http://creativecommons.org/licenses/by/4.0/ 

 
 

 

ABSTRACT 
Pressurized gas produced from biomass is a renewable resource that is attracting a great deal of attention due to its wide range of 
industrial applications, such as the production of hydrogen, chemicals or high grade fuels. This present work reviews mainly with 
co-gasification studies of different kinds of biomass and the effect of biomass contents in the fuel blends. The percentage of 
biomass in co-gasification is one of the most important parameters that affect the gasification process. In this paper, the effect of 
gasifying various kinds of biomass blends on the production of H2, CO2, CO, CH4 and other hydrocarbons is reviewed. In addition, 
other characteristics of the co-gasification process such as carbon conversion, gas yield, cold gas efficiency and tar, which are 
influenced by changing the kinds and percentages of biomass in the fuel of biomass blends, are elaborated upon. 

 
KEYWORDS: Fluidized Bed Gasifier, biomass blends, gas yield, cold gas efficiency, carbon conversion efficiency.  

 

INTRODUCTION 

 

Environmental concerns are alerting the world to the imminent dangers of overdependence on fossil fuels as 

the drivers of industrialization, transportation, and other daily activities [1]. Global warming has steadily 

emerged from the realm of speculative science to the reality of definitive global concern in the form of rising 

water levels with consequent flooding and weather vagaries. In 2002, for the first time in recorded history, a 

12,000-year-old ice shelf the size of Luxembourg came adrift from the Antarctic and melted in just 35 days [1]. 

The glaciers of Africa’s Kilimanjaro and the tropical Andes in South America are melting so fast that experts 

believe they could disappear within the next 20 years [2]. In addition to this, world energy demand is rising 

sharply, and it is believed that the world’s energy reserves could be depleted in few decades. These uncontested 

facts are alarming and make the switch to continuous and environmental friendly energy sources and 

technologies more urgent. 

Biomass is one of the choices of renewable energy sources that are now getting more attention, since the 

people are gaining more knowledge about the issue of sustainable energy and production. Although many 
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options are available to convert biomass to useful energy, this study only considers the thermochemical 

pathway. There are three pathways of thermochemical conversion: pyrolysis, gasification, and combustion. 

Gasification involves the conversion of carbonaceous materials into synthetic gases in the presence of a limited 

amount of oxidation or oxidizing agent. The synthetic gas produced leaves the reactor with pollutants and 

therefore requires cleaning to satisfy engine requirements. Mixed with air, the cleaned synthetic gas can be used 

in an integrated gasification combined cycle (IGCC), where a combination of gas turbine, which is powered by 

the cleaned synthetic gas, and a steam turbine that utilizes the waste heat from the gas turbine, would further 

increase the efficiency of the turbine. This work focuses on reviewing the central process in the IGCC operation 

to keep track of the numerous findings of studies in this area. 

Some characteristics of biomass affect the rate of gasification such as size, shape and structure. Small sized 

biomass is better for controlling reaction temperatures and as a result maximizes the rate of the gasification 

reaction . However, the limitation in size is very important for controlling both the temperature and the reaction 

rate. Recently, in order to decrease the size of the gasifier, researchers have used biomass in pelletized form 

instead of as powder [3]. Biomass with high porosity and high surface area results in a uniform composition of 

gaseous products during gasification [3]. Even though the individual gasification of coal and biomass has some 

advantages such as the cost feasibility of coal and the renewability and CO2 neutrality of biomass, they have 

major drawbacks related to environmental pollution in the case of coal and season limitations and heterogeneity 

for biomass. Some of these drawbacks can be decreased while increasing the merits by means of co-gasification 

(i.e. gasification of biomass with coal).  

Several researchers [4-13] have claimed that co-gasification of biomasses having high ash and sulfur 

contents with different kinds of renewable resources such as biomass is a promising technology. It is an 

economic, environmental friendly and a stable process with optimal thermal efficiency. It has been reported that 

biomass gasification on its own produces plenty of particulate matter and tar emissions, which may be reduced 

in the case of co-gasification with different biomasses [4, 9-11, 14-16]. It is also reported that co-utilization of 

coal and biomass reduces air pollutants such as fossil based CO2, NOx, SOx and volatile organic compounds and 

also decreases the release of soil and water pollutants which are produced due to the chemical composition of 

biomass. 

There have been various studies regarding co-gasification of different biomass in different reactor systems 

such as entrained flow, moving bed, fixed bed and fluidized bed gasifiers (atmospheric and pressurized) [5, 6, 

10, 14, 17-19]. Among these reactors, fluidized bed is the most frequently used reactor system for this process 

[7, 9, 14, 18, 19]. Fluidized bed is more suited for biomass and low-rank coals in comparison to other gasifiers. 

It improves mass and heat transfer from fuel and also has a higher heating value and efficiency. 

Fluidized bed is used in medium scale power production units [20]. Numerous researchers report that the 

synergy between coal and biomass results in an increase in gaseous compositions, gasification efficiency and 

char reactivity while decreasing the release of tar [21-26]. Zhu et al. [27] and Brown et al. [25] describe the 

catalytic co-gasification of coal and biomass and report that herbaceous types of biomass contain alkaline 

materials (particularly high amounts of potassium), which act as inexpensive catalysts for the co-gasification 

process.  

As different kinds of biomasses have different properties, it is possible to vary the contents and yield of 

gaseous products from the co-gasification process by changing the amounts and properties of the fuel mixture. 

This paper extensively reviews the effect of varying the types of biomass as well as their relative compositions 

on the products and by-products of the co-gasification process. 

 

Feedstock Properties: 

Feedstocks for gasification are composed of majorly moisture, volatile matter, fixed carbon, and ash. A 

detailed analysis of these feedstocks has to be provided before gasification occurs. Two ASTM standards 

(D5142 and D5291) are carried out utilizing TGA and Flash elemental analyzer to determine these 

compositions. Results are presented in volume reduction versus temperature (or time) of the dynamic heating for 

Kentucky subbituminous coal. 

In general, moisture and ash are inversely proportional to the feedstock exergy thereby affecting 

gasification process efficiency. This analysis not only helps to foresee the potential of the feedstock as a good 

fuel for gasification but also helps in the proper selection of submodels for numerical analysis. Various 

characterization techniques have been used in the past for this purpose.  

 

Gasification Process: 

Gasification is a thermochemical conversion process whereby carbonaceous materials (coal particle, oil 

shale, tire crumbs, municipal solid waste, etc.) undergo partial oxidation at a considerably high temperature to 

yield synthetic gases containing mainly carbon monoxide and hydrogen. During gasification, the carbonaceous 

matter is fed into a high-temperature pressurized container along with steam or carbon dioxide and a 

substoichiometric amount of oxygen, which is converted to combustible gases (mixture of CO, CH4, and H2), 
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with char, water, and condensable tar as minor products. In the first step, pyrolysis, the organic matter is 

decomposed by heat into gaseous and liquid volatile materials and char (mainly a nonvolatile material, 

containing high carbon content). In the second step, the hot char reacts with the gases (mainly CO2 and H2O), 

leading to product gases: CO, H2 and CH4 [28]. The producer gas leaves the reactor with pollutants and therefore 

requires cleaning to satisfy engine requirements. Mixed with air, the cleaned producer gas can be used in IGCC, 

gas turbines (in large-scale plants), gas engines, gasoline, or diesel engines. Producer gas is a mixture of carbon 

monoxide, hydrogen, and methane, together with carbon dioxide, nitrogen, and other incombustible gases [29]. 

The reaction sequence for gasification is as depicted in Fig. 1 [30]. 

 

 
 

Fig. 1: Reaction sequence for gasification of particle and biomass adapted from Higman and Van der Burgt [30] 

 

Effect Of Different Biomass And Their Contents On Co-Gasification: 

Changing the contents and types of different biomass in co-gasification has a significant effect on different 

output parameters such as gas production, carbon conversion, gas yield, cold gas efficiency, tar yield, calorific 

value and release of H2S and NH3 [4,5,14,18,19,31,32]. However, there are certain limitations for various 

biomass types as suggested by several researchers [8, 14, 24, 22, 33]. Pan et al. [8] have found that by blending 

pine chips with coal in ratios of 40/60 to 60/40 and 25/75 to 40/60 improves the gasification process 

significantly for Sabero coal and Black coal (low rank coal) respectively. Andre et al. [14] report that mixing 

40% of bagasse with coal improves fluidization stability and lowers the contents of tar and hydrocarbons. Li et 

al. [21] explain that due to the difference in the equivalent diameter of particles for some biomass types, they are 

difficult to fluidize. They also suggest a range of 0-33% for pine sawdust in mixtures with coal for a continuous 

and stable operation. Velez et al. [22] claim that due to a high difference in density of biomass and coal, the 

appropriate percentages of biomass (rice husk, sawdust and coffee husk) for blending purposes are 6% and 15%. 

 

3.1 Gaseous composition during gasification processes: 

3.1.1. H2 concentration (%): 

Numerous researchers have studied the effect of biomass ratio on the production of hydrogen [4, 5, 8, 10-

12, 14, 18, 19, 21, 32, 34-38]. Results of some studies shows the production of H2 is quite unpredictable during 

cogasification as some research work show less production of H2 than in the case of coal gasification alone and 

its concentration decreases with increasing amounts of biomass blended with coal [8,10,14,18,19,31-36,39] and 

vice versa. This decrease in H2 production upon increasing biomass content is due to the presence of higher 

volatile matter in biomass than in coal, which causes a reduction in gasification temperature thereby leading to a 

reduction in hydrogen production [14,22]. Pinto et al. [18,30] report that in co-gasification of Puertollano coal 

with different kinds of biomass such as pine, bagasse and RDF (Refuse derived fuel) in an atmospheric fluidized 

bed gasifier, hydrogen contents decrease [18]. Their results show that by blending 20% pine with coal, hydrogen 

concentration decreases from 33% to 29% [30]. Andre et al. [14] observe the same trend for the co-gasification 

of coal/bagasse and coal/pine in a fluidized bed pilot plant at atmospheric pressure. Pan et al. [8] claim that in an 

atmospheric fluidized bed, an increase in the ratio of biomass/coal influences the H2 concentration by means of 

the dew point of the gasifying agent and solid reactivity. Kumabe et al. [10] state that H2 contents in co-

gasification of Muila coal and 40% Japanese cedar in an atmospheric downdraft fixed bed is found to decrease 

from 47.9% to 37.5% with increasing biomass ratio in the fuel blend from 0 to 1. Also during a comparative 

experiment between the gasification of coal, wood and their mixtures, the concentration of hydrogen decreases 

from 55% to 43% by blending biomass with coal from 0 to 100% [19]. de-Jong et al. [39] report the co-

gasification of brown coal and biomass in a pressurized fluidized bed and they explain that because of a rapid 

reaction of H2 with fuel-O in biomass, the contents of hydrogen produced by biomass are less than that of coal. 

Their results also show that lower amounts of H2 are produced at higher pressures. Recently, gasification of 

biosolids has attracted great interest, both in the scientific community and industry, as an alternative to disposal 

by incineration or combustion [40-41]. The use of biosolids as a fuel also maintains the carbon–neutrality of the 
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process. Numerous studies published are focussed on applying gasification and pyrolysis in processing of the 

biosolids [42-48]. Co-gasification and co-firing of biosolids with coal have also been extensively investigated 

[49, 50]. 

The present investigations discussed are related to the co gasification of different biomasses especially with 

the presence of coal. But certain other studies show an increase in hydrogen contents with more biomass usage 

in co-gasification [4,5,21,32]; however these studies are found comparatively less in the literature. Having 

environmental effects in mind, the present review suggests evaluating the co-gasification of different biomasses 

aimed to enhance the hydrogen contents in the gas output. 

 

3.1.2. CO2 concentration (%): 

Several researchers investigated the production of CO2 in the co-gasification process in comparison to coal 

and biomass gasification processes. Pinto et al. [18] investigated various kinds of biomass and coals and found 

that upon addition of biomass such as pine and bagasse to coal, an increase in the production of CO2 was 

observed due to higher oxygen contents in biomass, as confirmed by another study [51]. Their results showed 

that the contents of CO2 in cogasification of Puertollano coal with 20% pine were higher than pine gasification 

alone [18]. Fermoso et al. [4, 36, 38] observed that in co-gasification at 1.5 MPa, CO2 production was slightly 

greater than in coal gasification by up to 10% of biomass blends due to the higher reactivity of biomass. They 

stated that the production of CO2 was increased when the pressure in the system was also raised due to the 

presence of fewer moles of gas in the reforming reactions [4, 36]. The concentration of CO2 in case of 

eucalyptus (EB) was higher than for almond shells (AS), olive stones (OS), olive pulp (OP), pine sawdust (PS) 

and chestnut tree residues (CH). It was also reported that in EB gasification, higher amounts of CO2 was 

produced than for pine gasification at different temperatures due to the main role of the water gas shift reaction 

[40]. Other results showed that in co-gasification of PT coal with CH, the concentration of CO2 was the same as 

for biomass gasification [38]. Kumabe et al. [10] reported that CO2 contents were increased from 26% to 33% 

by increasing the ratio of Japanese cedar in co-gasification with coal from zero to one. However, some 

researchers obtained lower amounts of carbon dioxide in co-gasification in comparison to coal gasification alone 

[8, 11, 12, 31, 36]. It was reported that by increasing the percentage of biomass in co-gasification of pine chips 

with black coal and Sabero coal, CO2 slightly decreased due to its consumption in the Boudouard gasification. It 

was explained that Boudouard gasification easily took place because of high reactivity of charcoal [8]. It was 

also reported that using 

Some authors [37, 52] have also described further studies on co-gasification with the variation of coal 

contents rather than biomass. Alzate et al. [36] explained that by increasing the amounts of coal by up to 20% in 

co-gasification, CO2 increased by means of the water gas shift reaction and was then consumed in the 

Boudouard reaction [52]. The high production of CO2 in co-gasification was due to higher contents of oxygen in 

biomass. This high concentration of CO2 could be reduced by increasing gasification temperature at atmospheric 

pressure, which could lead to the consumption of carbon dioxide in dry reforming and Boudouard reactions 

[53]. 

 

3.1.3. CO concentration (%): 

CO concentration is also affected by changing the amounts and types of biomass or coal in the fuel mixture 

during cogasification.  Numerous researchers have found that CO concentration in co-gasification is higher than 

that produced during biomass gasification [5, 8, 12, 14, 18, 19, 30-32]. This is because of the higher reactivity of 

biomass and charcoal [5, 8, 36]. It is also observed that CO production in biomass gasification is higher than in 

co-gasification [5,8]. Pinto et al. [18] describe that due to the presence of oxygen in biomass, carbon monoxide 

increases with biomass content in the fuel during the cogasification process. Aigner et al. [19] state that CO 

concentration increases from 19% to 28% with the increase in wood ratio from 0 to 1. Fermoso et al. [4,36,38] 

report that by adding up to 5% of biomass types such as EB, OS, CH, the production of CO is also increased. 

However, they state that at the higher pressure, the lower amount of CO produced is due to a shift in the 

equilibrium gas phase reactions. On contrary, Li et al. [21] explain that in co-gasification of Shenmu coal and 

pine sawdust, the low fixed carbon content of biomass results in an increase in the steam/fixed carbon ratio and 

therefore CO decreases as it is consumed in the water gas shift reaction. Some researchers investigate the coal 

contents in cogasification  [37,51]. Alzate et al. [37] state that CO concentrations reduce during co-gasification 

by increasing coal contents in co-gasification. They explain that the amount of CO, which is produced by the 

water gas reaction, is consumed in the water gas shift reaction when the coal content in fuel blend is increased 

up to 20%. Then by increasing the coal content further, CO is produced and consumed by Boudouard and 

methanation reactions respectively [38]. In co-gasification of coal and biomass, CO contents can be increased 

further by increasing both biomass contents and temperature simultaneously because high contents of biomass 

result in the production of more CO2 due to the presence of oxygen in the sample. In addition, high temperature 

causes the consumption of CO2 via the Boudouard reaction thereby increasing the yield of carbon monoxide. 
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3.1.4. CH4 and other hydrocarbons concentration (%): 

A number of different researchers have studied the production of methane and other gaseous hydrocarbons 

in the co-gasification process by using different kinds of coal and biomass and varying the blending of the fuels 

[14, 18, 19]. It is state that the production of methane and hydrocarbons in co-gasification of Puertollano coal 

with different biomass types are higher than for coal gasification. Also the results show that CH4 and CnHm 

contents from co-gasification of Colombian coal with 10% pine are higher than from pine gasification alone 

[18]. Other workers also report that the contents of methane and other hydrocarbons from cogasification 

processes are higher than for coal gasification and their amounts increase in proportion to the content of biomass 

in the fuel blends [8, 12, 19, 31, 35]. Aigner et al. [19] report that with the increase in biomass ratio from 0 to 

100%, methane concentration increases from 6% to 10%. Pinto et al. [18] report that Colombian coal 

gasification produces more methane and hydrocarbons than Puertollano coal due to the presence of higher 

amounts of carbon and hydrogen in the former fuel. The same is true when both coals are co-gasified with pine 

or bagasse. However, in co-gasification of Shenmu coal and rice haulm, the results show a decrease in CH4 

contents in comparison with coal gasification due to lower carbon and hydrogen contents in rice haulm [32]. 

Pinto et al. [18] report lower amounts of CH4 and CnHm for co-gasification of coal with pine than with bagasse, 

whereas Andre et al. [14] obtain the same amounts of these gaseous products in a separate investigation. Other 

researchers [4, 36, 38] have obtained a constant trend in CH4 production by changing the amounts of AS, EB, 

OS and CH in the fuel samples during co-gasification in order to compare their results with coal gasification 

alone. They explain that CH4 is produced mainly during the pyrolysis step and as the temperature increases, the 

production of CH4 remains almost constant because methanation reaction does not take place at any significant 

extent [4, 54]. They state that at pressures of 1.5 MPa, greater amounts of CH4 is produced than at atmospheric 

pressure due to a shift in the equilibrium that result in the presence of fewer moles of gas. It is also reported that 

the composition of CH4 (2.6-4.6%), C2H6 and C2H4 (0.8-2.9%) are independent of the biomass ratio (0-1) in co-

gasification of Japanese cedar with Mulia coal [10]. Alzate et al. [37] report that CH4 concentration increases 

slightly when contents of coal are raised by up to 20% during cogasification. Then by increasing coal content 

further greater amounts of methane are produced due to the effect of the methanation  reaction. Methane is 

mainly produced by the methanation reaction in the pyrolysis process. It can be reduced in co-gasification 

processes by increasing the temperature at which reforming and cracking reactions take place. Also use of 

catalyst, such as Ni/alumina or alumina can cause reduction in methane production.  

 

3.2. Carbon conversion: 

Carbon conversion is defined in terms of carbon contents of feedstock such as coal, biomass or blends of 

fuels that are converted to carbonaceous gases (CO, CO2 and CH4) [4,10,51, 55-57]. High reactivity of biomass 

causes an increase in volatile matter, which subsequently gets converted to free radicals and therefore improves 

the decomposition, oxidation and gasification reactions. It is reported that due to both high reactivity and high 

contents of hydrogen and oxygen in biomass, carbon conversion during co-gasification is greater than coal 

gasification alone and this tends to increase with increasing biomass content in the fuel [55, 4, 9, 23, 28, 36, 58-

60]. Seo et al. [7] report that in co-gasification of coal and sawdust, the carbon conversion is increased from 

67% to 96% with an increase of biomass ratio from 0 to 1. Pan et al. [8] have observed similar results. They 

report that the carbon content of low grade coals have important roles to play in the carbon conversion of co-

gasification processes. Aigner et al. [19] claim that in the co-gasification of coal and wood, carbon conversion 

increases from 50% to 95% with an increase in wood ratio from zero to 100%, due to a lower reaction rate of 

coal and higher content of volatile matter in biomass. They state that because of increasing carbon conversion, 

the mass flow of the producer gas increases. de-Jong et al. [38] report more than 80% of carbon conversion 

during co-gasification, 97-98% for gasification of wood and 90-95% for brown coal gasification. In other 

studies, the effect of coal content in cogasification was investigated and it was observed that a reduction in 

carbon conversion occurred with the increase in coal content [37, 41]. The results showed that in co-gasification 

of lignite and wood, carbon conversion decreased from 85% to 70% with an increase in lignite content from 

zero to 55%, [41]. Carbon conversion in co-gasification is increased at higher temperatures because of higher 

decomposition of hydrocarbons and an increase in the oxidation reaction. 

 

3.3. Gas yield: 

Gas yield is defined as the production of total inert free gas per weight of dry and ash free feedstock, 

excluding nitrogen and water from the gas composition [11, 30]. Numerous studies have described that gas yield 

increases with an increase in biomass content in co-gasification. It is reported that higher conversion of fuel 

during cogasification causes an increase in the gas yield. In the co-gasification of coal and bagasse, higher gas 

yield is reported with an increase in bagasse composition in the fuel as a consequence of higher concentration of 

hydrocarbons. Seo et al. [7] state that gas yield increases for all temperatures with an increase in biomass ratio 

due to transfer of hydrogen radicals from biomass to coal that causes more decomposition of coal. In addition, 

gas yield reaches to a maximum value when the fuel blend consists of 50% of biomass. The authors explain that 
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due to the reaction of oxygen content in biomass and carbon content in coal, CO increases . They also state that 

by increasing the cracking of tar by means of volatiles present in biomass such asH2O andH2 radicals, CH4 

increases. Pan et al. [8] claim that gas yield in black coal gasification increases from1.8 Nm3 kg 1 to 3.2 Nm3 

kg-1  for co-gasification with 80% of pine chips. They also report that gas yield in cogasification of pine chips 

and Sabero coal increases from 0.75  to 1.75  Nm3 kg-1 by changing blend ratios of pine chips to Sabero coal 

from 20/80 to 80/20. It is reported that Edible Oil Wastes (EOW) contain large quantities of volatile matter, so 

gas yield increases when more EOW is blended with coal for co-gasification purposes [31]. Lapuerta et al. [61] 

have studied the effect of biomass percentages on gas product yield from co-gasification of coal (coke) and 

grapevine pruning wastes using different biomass/air ratios. They report that the gas production in co-

gasification is higher than coal gasification and lower than biomass gasification alone due to lower reactivity 

and the presence of less volatile matter in coal than in biomass [18]. 

 

3.4. Calorific value: 

Calorific value or heating value of a fuel is the amount of heat released by burning the fuel in air. It is 

measured in units of energy per mass or volume [62]. The unit of heating value for solid fuel is MJ kg-1, for 

liquid fuel is MJL-1and for gases is MJ m-3. There are two forms of heating values, high heating value (HHV) 

that is the total energy released by the fuel and low heating value (LHV) that is calculated by subtracting the 

heat of vaporization of water from the fuel’s HHV. The contents of CO, H2 and CH4 mainly affect the heating 

value of the gas product [62, 63]. With the increase in biomass content in cogasification, calorific value is 

enhanced due to higher contents of hydrocarbons. The results of cogasification of AS & EB with coal at 1.5 

MPa show that the HHV of gas reaches to a maximum at 5% blending of biomass [4]. They explain that HHV 

decreases slightly by changing the pressure. Hernandez et al. [5] report that at all temperatures LHV in co-

gasification is more than that in coal gasification and less than biomass gasification. Seo et al. [8] obtain the 

maximum calorific value of about 14.39 MJm-3 with 50% of biomass content in fuel blends as a result of 

maximum gas production. Pan et al. [8] claim that due to higher contents of CH4, C2H4 and CO in gas products, 

LHV increases and reaches to maximum values of 4.5 and 4.7 MJm-3 respectively, for cogasification with black 

coal and Sabero coal using 80% of biomass blended in each fuel mixture. Also in another set of experiments 

conducted by Pan et al. [60], a higher LHV for biomass is obtained than for coal gasification alone. Mastellone 

et al. [15] obtain a higher LHV in co-gasification with greater wood content in the fuel mixture. They explain 

that due to higher contents of CO and H2 in wood gasification, LHV is higher than co-gasification. Aigner et al. 

[19] explain that LHV of co-gasification is affected if the produced gas has high LHV. However, Valero et al. 

[62] explain that high oxygen contents in biomass during co-gasification results in an increase in CO2 and H2O 

and decrease of CO emissions as well as the LHV. In other research works, in which the content of coal is 

studied, it is observed that when coal contents are increased by up to 20%, HHV decreases because of reduction 

in H2 and CO production. However, HHV increases slightly when the methane production also increases as a 

consequence of blending higher quantities of coal in the fuel [37]. However, it is reported that by increasing the 

amount of coal, overall LHV reduces as a result of the gaseous products having lower LHV [35]. Also, the 

investigation of plastics in co-gasification shows that LHV increases by raising the amount of plastic contents 

due to the presence of more hydrocarbons [35].  

 

3.5. Cold gas efficiency: 

Cold gas efficiency is an expression of energy content of gaseous products to energy content of coal, 

biomass or a mixture of them as solid feed [4, 5]. Various workers have obtained the increase in cold gas 

efficiency by raising biomass contents in different co-gasification processes. Fermoso et al. [8,36,38] have 

explained that this increase is because of high gas yield and subsequently a high HHV for co-gasification 

products ensues when blending higher amounts of biomass in the fuel mixture. Hernandez et al. [5] have 

investigated the effect of biomass on the efficiency of co-gasification at different temperatures and fuel/air ratios 

and have observed the same trend. Kumabe et al. [10] report that in the co-gasification of coal with woody 

biomass, cold gas efficiency increases from 65% to 85%. Also Aigner et al. [19] have investigated the co-

gasification of coal with wood and found that cold gas efficiency has increased from 48% to 62%. They explain 

this phenomenon by stating that due to the increase in wood ratio, carbon conversion as well as the mass flow 

rate of the produced gas is also increased. Pan et al. [8] report that the best blending ratios for improved co-

gasification efficiencies of two low-grade coal types are 40/60 to 60/40 for pine chips/Sabero coal and 25/75 to 

40/60 for pine chips/black coal. In co-gasification of Indonesian Tinto coal and Quercus acutissima sawdust the 

cold-gas efficiency reaches a maximum value of 45% with a biomass content of 50% in the fuel mixture. They 

report 15% and 41% cold gas efficiencies for coal and biomass gasification processes respectively although in 

the case of co-gasification it is 45% [7]. However, it is reported that an almost constant trend in cold gas 

efficiency is observed due to lower temperature obtained in co-gasification that in turn is caused by the high 

volatile matter present in biomass [63]. 
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3.6. Tar yields: 

Tar is an unpleasant by-product of gasification. In biomass gasification, tar is produced in greater quantities 

in the pyrolysis zone than during coal gasification as the biomass and coal chemical structures affect the 

pyrolysis behavior under the same conditions [50]. Tar consists of condensable hydrocarbons that cause 

environmental and operational problems [50,53e55]. 

Numerous researchers have investigated the effect of biomass and coal contents on the production of tar 

during cogasification. Fermoso et al. [40] state that in co-gasification of PT with CH and OS, tar yield increases 

from 5% to 18% with an increase in biomass content. They report higher amounts of tar yield during biomass 

gasification alone. Aznar et al. [37] claim that biomass plays a key role in the production of tar during co-

gasification in comparison with other feedstock components. Pinto et al. [22] have investigated various kinds of 

biomass and coal and obtain different results during co-gasification. The cogasification of Puertollano coal with 

bagasse or RDF produces more tar than coal gasification alone. However, Pinto et al. [22] observe that in co-

gasification of pine with Puertollano coal, tar contents are decreased, although it is reported that the structure of 

tar that is formed by pine is harder than that formed by coal [57]. It is also claimed that the synergetic effects of 

bagasse with Colombian coal causes a decrease in tar contents during cogasification [22]. Aigner et al. [23] 

describe two methods for tar measurement in co-gasification of hard coal with wooden pellets. The first one is 

the gravimetric tar method that detects the heavy tar contents and the second is the GCMS tar method (using GC 

and MS analyzer) which detects the lower tar structure. They claim that in coal gasification more tar is produced 

than in lignin gasification because of a higher molecular structure of hard coal. They report that gravimetric tar 

content decreases with an increase in wood ratio. However, the GCMS tar content is constant due to 

degeneration of heavy tar molecules that lowers the tar structure. Kumabe et al. [14] use high air/fuel ratio with 

higher contents of biomass during co-gasification, due to which less tar yield is produced. Researchers state that 

tar production in co-gasification of coal and biomass is lower than in the gasification of individual fuels as a 

result of synergetic effects between both fuels [8, 9, 14, 56]. The investigation of coal contents in cogasification 

shows a decrease in tar production, when coal proportion increases in fuel blends as coal has less complex 

structure than biomass [27, 43, 48, 56]. In co-gasification of Polish-coal and forest residue, tar production is 

decreased from 25% to 10% when the quantity of coal is increased in fuel 

 

Summary: 

Biomass is the most common type of renewable energy and its energy utilization is environmental friendly. 

Because the contents of sulfur and nitrogen in the biomass waste are lower than those in fossil fuels, and 

furthermore the carbon dioxide emitted to the atmosphere is taken up by plants for their growth. Biomass is a 

compound consisting of C, H and O in major quantity. These constituents are held as chemisorbed matter on the 

fibrous ash matrix. The composition of C, H, and O is more or less same in all biomass.  In addition, the 

gasification process provides the flexibility of converting solid fuel into syngas to meet the specific syngas 

compositions required for downstream applications, such as fuel cells, Fischer Tropsch (FT) or dimethyl ether 

(DME) synthesis.  

Very few investigations were presented relate to the biomass blends consists of agro residual as a biomass. 

The flaming time for wood flakes is almost one fourth that of coconut shells for the same equivalent diameter 

fuel samples and the flaming time and volatile matter is almost similar (0.82%) to that coal. But, the heating 

value of the coconut shell is 0.65% of coal. [67]. The flaming rate which is an indication of pyrolysis rate is 

higher as the surface area per unit volume has increased [64, 65, 66, 68]. Particles with higher surface area per 

volume are subjected to higher pyrolysis rate resulting in fast pyrolysis products. It is also important to note that 

at higher operating temperatures of the reactor, fast pyrolysis can also predominate based on the energy flux 

received on the small size particles resulting in higher fractions of long chain hydrocarbon in the pyrolysis gases 

[69, 70, 71, 72]. With the reduction in residence time, cracking of the higher molecular weight compounds is 

greatly affected [73-84]. These factors increase the tar fraction in the producer gas. The experiments and 

analysis provide a scientific basis for the generation of high tar in fixed bed gasification system for small size 

wood pieces or coal. The quality and quantity of tar generated depend on the heat flux the particle is exposed. 

Increasing the residence time helps in reducing the hot tar. 

 

Conclusions: 

A number of research papers, published in leading international journals, related to the biomass gasification 

were collected, and the important findings have been critically reviewed in this present work.  The present 

investigations were related to the biomass blends consists of biosolids and coal as one of the mixture.  The effect 

of different kinds and compositions of biomass and coal in fuel blends of co-gasification is reviewed. Studies 

show that the type and the composition of fuel affect the production of gaseous emissions. After reviewing 

several authors’ results related to hydrogen production, it is found that by increasing the percentages of biomass 

in fuel blends, hydrogen production is decreased due to lower temperatures as a result of the high volatile matter 

content in biomass. However, very few studies show an increase in H2 content due to more reactivity of 
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biomass. CO2 and CO contents are increased by adding more biomass to fuel blends because of high reactivity 

and high oxygen contents in biomass. As high gas product yield is obtained because of biomass pyrolysis, it can 

be concluded that in co-gasification, the release of CO2 and CO is higher than in coal gasification but lower than 

that from biomass gasification. Moreover, very few studies show a decrease in CO2 contents when the amounts 

of biomass in cogasification is increased due to the consumption of the gaseous product in the Boudouard 

gasification reaction. However, with an increase in the contents of coal in fuel blends, CO production is reduced 

due to water gas shift and methanation reactions. However, the main constraint of using biomass blends as a fuel 

is the high ash content of approximately 30% by weight, which has the tendency of causing bed agglomeration 

and slagging in a fluidised bed both in the gasification and combustion. These issues can be mitigated by co-

gasification of biomass with low ash content biomass such as coconut shell and wheat straw pellets instead of 

coal which has ash content of less than 1%.  The flaming time for wood flakes is almost one fourth that of 

coconut shells for the same equivalent diameter fuel samples and the flaming time and volatile matter is almost 

similar (0.82%) to that coal. But, the heating value of the coconut shell is 0.65% of coal. This may leads to a 

way to concentrate on the co-gasification of different biomasses especially agro residuals. However, to date no 

such investigations of co-gasification of different biomasses except coal have been reported on the influence of 

the mixing ratio of the fuels on the gasification performance such as syngas compositions, syngas yields and the 

cold gas efficiency.  
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