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Summary 

Recent energy crises of Pakistan have triggered the interest of researchers in co-

gasification. Little research work is available on Pakistani low-grade high volatile coal and 

biomasses derived from agricultural waste. Pakistan stands 5th in world coal reserves. 

Currently, only the sugar sector is fully or partially using the abundantly available sugarcane 

waste (baggase) as fuel for their combined heat and power (CHP) plants. Rice husk and 

corncob are also being utilized inefficiently by textile and rice mills to meet their energy 

requirements. Hence, current low level use of these resources is due to the non availability of 

an efficient technology.   

The co-utilization of coal and biomass for gasification in CFB is a new emerging 

technique. Accordingly, the prime objectives of this research work were to develop and 

operate the Circulating Fluidized Bed Gasifier (CFBG) and to investigate the influencing 

parameters that affect the composition of the producer gas. Accordingly, the research work 

was comprised of two parts;  

 In first part, variety of coal, biomasses and coal-baggase blends (85/15, 91/9 and 

94/6) were characterized physically and thermally using a thermogravimetric analyser (TGA-

LECO 701). It was operated in non-isothermal mode from ambient room temperature to 

950°C to characterized the coal and biomass under various operating  conditions such as 

heating rate (40, 20 &15°C/min), feed composition and equivalence ratio (0.24, 0.30 & 0.35)  

and determined  their  impact  on  thermal conversion.  

 The conversion of biomasses completed at lower temperature (750°C) than to coal 

and coal-baggase blends that completed at 950°C. Results revealed that biomasses had higher 

de-volatilization rate than to coal and coal-baggase blends due to presence of higher fraction 

of volatiles. Even though in sub-stoichiometric environment, increasing heat rate enhanced 

the conversion, however the optimum conversion was found at heating rate 20°C/min for 

coal- bagasse blend 91/9 and at equivalence ratio (ER) of 0.30. Further to above, heating 

values decreased with increasing biomass (bagasse) fraction in the blends.  Arrhenius 

equation model was applied on TGA data to determine the kinetic parameters (activation 

energy and frequency factors) and observed that these variables also have very pronounced 

effects the kinetic parameters.  

The research work mainly focused to develop and operate a Circulating Fluidized Bed 

Gasifier (CFBG) using the result of characterization studies. Accordingly, a CFBG   made of 
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stainless steel (316) with internal diameter 81mm and total height 3900mm fitted with 

external gas preheater (EGH), stand pipe, cyclone and water cooled condenser was operated 

for temperature change 700°C to 950°C. The effect of operating parameters; temperature, ER 

values (0.25-0.38) and coal-bagasse blends (91/9 & 94/6) on the composition of producer gas 

were investigated.  

The temperature of the gasifier varied from 750°C to 875°C, a series of heterogeneous 

and homogeneous reactions took place and the gas composition obtained showed that up to 

the temperature 750°C to 820°C the H2/CO molar ratio decreased from 0.82 to 0.77 but after 

this, H2/CO ratio began to increased and gained the values of 0.81 and 0.87 for temperatures 

of 850°C and 875°C respectively. Conversely, the molar ratio CO/CO2 increased from 0.57 to 

0.67 with temperature variation (750°C-820°C), however a further increase in the 

temperature (>820°C to 875°C), decreased the CO/CO2 ratio and attained the fraction value 

0.65 and 0.62 respectively. Increasing ER value not only enhanced the temperature and 

superficial velocity of particle but also caused to increase the fraction of CO2 and N2 in the 

producer gas and decrease in CO and CH4. However, increase in H2 and CO was observed at 

low ER value. Higher fraction of coal in feed stock, increased the molar fraction of CO2, 

however, the concentration of CH4 decreased due to decreasing fraction of volatile matters in 

blended feedstock, as biomasses contained more volatiles than to low rank coal. 
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Symbols  

List of symbols 

SYMBOL DESCRIPTION UNIT 

A Frequency or pre exponential factor min-1 

dp Mean diameter of fluidised particle m 

Ea Activation energy kJ.mol-1 

g Gravitational acceleration m/s2 

BH Bed height  mm 

R Universal gas constant kJ.mol-1.K-1 

T Temperature (273.15) K 

T Temperature °C 

SV Superficial air velocity m/s 

Umf Minimum fluidization velocity m/s 

Ut Terminal velocity m/s 

β Heating rate °C/mins 

Uch Chocking velocity m/s 

ma Mass of dry air  kg/hr 

µa Viscosity of the air kg/m.s 

ρg Density of gas kg/m3 

ρp Density of particle kg/m3 

ρs Density of sand  kg/m3 

Ar Archimedes Number - 

NRe Reynolds number, based on riser hydraulic diameter - 

Ub Bubble velocity m/s 

X Conversion (-)  - 

wt% Weight percentage - 

K1 Equilibrium constant for water gas shift reaction - 

K2 Equilibrium constant for  methane reaction     - 
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Symbols  

HHV Higher heating value MJ/kg 

LHV Lower heating value MJ/kg 

wi Initial weight g 

wt Weight at any time  t g 

w∞ Residual weight of the sample g 

ξ  Particle porosity - 

Q Flow rate of air/gas 

 

 

 

 

m3/hr 

 

 

 

 

φ 

  

  

  

  

  

 

 

Sphericity - 

H Complete fluidization height  m 

 

 

Hmf Minimum fluidization height M 

Cd Co-efficient of discharge through orifice - 

Uf Fluidization Velocity m/s 

T0 Reference temperature 273.15k 

m Moisture contents in feedstock  

        

% dry basis 

 M Mass of Fuel 

   

Kg 

Hf  Height of riser  at feeding point M 

HB Dynamic bed height M 

TDH Threshold disengaging height M 

Wbed Weight of bed material Kg 

Vp Volume of bed particles m3 

As Surface area of the particles m2 

 ∆t Time spend by the gas during spiralling descent  Sec 

D Cylindrical diameter M 

Vt Terminal velocity of the particle for cyclone m/s 

Vi Gas inlet velocity  m/s 

∆P Pressure drop  mm of water 

φ Shape factor - 
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Symbols  

Ϭ Shear stress  

%CO Carbon monoxide  Vol conc. 

% CH4 Methane Vol conc. 

% H2 Hydrogen Vol conc. 

%N2 Nitrogen Vol conc. 

% O Oxygen in feed stock Vol conc. 

%C Carbon in feed stock Vol conc- 

Le Vertical length of cyclone M 

Lb Length of cylindrical cylinder M 

Ne Number of effective turn No. 

Ab Cross sectional area of the bed m2 

Us Superficial Velocity m/sec 
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Abbreviations   

List of Abbreviations 

ASTM  American society for testing materials 

ar Sample as received 

BFB Bubbling fluidized bed 

BFBG Bubbling fluidized bed gasifier 

CBB Coal biomass blend 

CFB Circulating fluidized bed  

CFBG Circulating fluidized bed gasifier 

CH 

 

 

 

Chamalang coal 

  

   

  

CHNS Carbon, Hydrogen, Nitrogen & Sulphur 

daf Dry ash free 

Ea 

 

Activation Energy 

  EPH External pre heater 

ER Equivalence ratio (mol/mol) 

FB Fluidized bed 

UFBG Updraft fixed bed gasifier 

DFBG Down draft fixed bed gasifier 

TCD Thermal conductivity detector  

GC Gas chromatograph 

GC-RGA Gas chromatograph – refinery  gas analyser 

CDFBG Cross draft fixed bed gasifier 

HHV Higher heating value 
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Abbreviations   

LHV Lower heating value 

LPM Litre per minute 

IGCC 

 

 

 

Integrating gasification combined cycle 

   

  

    

PLC Programmable logic control system 

RPM Rotation per minute 

SS Stainless steel 

SV Superficial velocity 

TB Turbulent bed 

TF Turbulent fluidization 

EB Entrained bed 

TG Thermo gravimetric 

TGA Thermo gravimetric analyser 

SOx Oxide of sulfur 

NOx Oxide of Nitrogen 

VM Volatile matter 

VFD Variable frequency drive 

Umb Minimum bubbling velocity 

WG 

 

 

 

 

 

Water gas reaction 

WGS Water gas shift reaction 

MRR Methane Reforming Reaction 

  SNG Substitute Natural gas 

TH Thar coal 

MA Makarwal coal 
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Abbreviations  

SA Salt range coal 

CH Chamalang coal 

lig Lignite coal 

Sub or SB Sub-bituminous coal 

IEA International Energy Agency 

TGA Thermogravimetric analyser 

TG Thermogravimetery 

IGCC Integrated Gasification Combined Cycle 

HDIP Hydrocarbon Development Institute of Pakistan 

UK United Kingdom 

M.T Metric tone 
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Chapter 1      Introduction 

CHAPTER 1 

INTRODUCTION 

This chapter provides a brief history and an introduction of gasification process. It 

presents the current and future energy requirement of the world, in general and that of 

Pakistan, in particular. Followed this, the potential energy resources of Pakistan have been 

identified. The potential utilization of these resources using co-gasification techniques and 

the challenges there-of have been discussed. The summary of the chapters have been reported 

at the end of each of them.  

1.1   Background of Gasification 

In 1812, the first commercial production of gasification started in London by Gas, 

Light and Coke Company. Initially, it was produced by the pyrolysis of coal or coke into a 

mixture of hydrogen and carbon monoxide, which was known as ‘Town gas’. The town gas 

was first used for illuminating and for space heating. But later it was replaced by the cheaper 

and abundantly available natural gas. However, the technology of gasification still remained 

useful for producing synthesis gas as a raw material for ammonia and methanol (Higman 

2008). 

Renewed interest in the gasification technology took place after the first oil crises in 

1970’s. However, with the decrease in oil prices in 1980’s, most of the investments died down 

at the laboratory scale demonstration units (Speich 1981).  

Because of depleting energy resources and increasing energy prices at the advent of 

21st century, the interest in coal gasification was revived again. However, the growing concern 

of climatic changes due to use of coal has paved the way to gasify the biomass, which offers 

opportunities similar to those given by coal gasification with much less environmental impact 

than coal (Higman 2008).  

1.2   Gasification 

Gasification is an economic, efficient and sustainable thermo-chemical conversion 

method (Sharma 2011) that was used for the conversion of solid fuels into gaseous products 

which are useful for direct combustion as well as a feedstock for the production of other value-
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aided chemicals. Gasification rout to produce energy creates low levels of pollution as 

compared to direct combustion (Kirkels and Verbong 2011). The composition of the product 

depends on; the type of gasifier, gasification agents and operating conditions. The gasifiers are 

based on packed-bed, fluidized-bed or an entrained-bed reactor; however, type of gasifier and 

gasifying media, have a significant impact on the composition and amount of product gas. The 

products of gasification may be classified as ‘Producer gas’ or ‘Syngas’. The Producer gas is 

produced at low temperature (<1000°C) and mainly contains CO, H2, CH4, CxHx, tar, as well, 

CO2, H2O and N2, (Major fraction in case of air gasification). Syngas is produced at high 

temperature (>1200°C) or catalytic gasification and primarily it contains CO and H2 besides 

CO2, H2O and N2 (for air gasification). The producer gas can be transformed into Syngas by 

thermal cracking or reforming (Le 2012).  

Based on temperature of the gasifier, the process can be divided into four steps: drying, 

de-volatilization or pyrolysis, combustion or oxidation and gasification. Because of varying 

particle size of the feedstock, different steps may occur in the same part of the reactor and 

there is no distinct boundary among different steps in a gasifier (Basu, Prabir 2010). Main 

stages of gasification and the resulting products of the each stage are given in Figure 1.1.  

Figure  1.1: Schematic presentation of thermal conversion processes for solid feedstock 

conversion  

From all the available thermal conversion processes, gasification is considered as a key 

technique for the production of energy from a variety of coal ranks and biomasses. In thermal 
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conversion of fuel, pyrolysis is considered as the initial step that takes place in the absence of 

air and incomplete combustion environment promotes the gasification process. Combustion 

which is carried out under excess oxidizing conditions is a commercially proven technology 

for co-utilization of biomass and coal (Boerrigter and Rauch 2006). The products of the 

gasification process are combustible gases which mainly comprise carbon monoxide (CO), 

hydrogen (H2), little amount of methane (CH4) and traces of higher hydrocarbons. The quality 

and quantity of the gases produced depend upon the operating parameters and type of gasifier.  

Especially gasification uses approximately 14–24% less water compared to other coal-

based technologies to produce electric power from coal. This is a major issue in many 

countries including USA. All the way through the gasification route, one can achieve greater 

reductions in GHG (greenhouse gases) at lower cost than other coal utilization technologies. 

Moreover, coal gasification plants based on Integrated Gasification Combined Cycle (IGCC) 

technology, offers the lowest emissions of air pollutants such as sulfur dioxide (SOx) nitrogen 

oxides (NOx) and particulate matter (PM) than to any coal-based power production 

technology (GTC 2008).  

Therefore, gasification is the cleanest, a flexible and more reliable way of using fossil-

fuels. It can change low-value residuals into high-value products, such as chemicals, 

fertilizers, substitute natural gas (SNG), transportation fuels, electric power and hydrogen. In 

term of overall electrical efficiency, the advantages of gasification route are higher as 

compared to direct combustion of the fuels (Boerrigter and Rauch 2006, GTC 2008).  

Both biomass and coal are carbonaceous materials, originating from plants and have 

the same basic elemental constituents (Boerrigter and Rauch 2006). The co-utilization of coal 

and these renewable resources of biomasses are becoming popular as fuel for all thermal 

conversion processes like pyrolysis, combustion & gasification due to the dual role of 

biomasses, both as energy source and carbon dioxide reducing agent in the environment. 

Significant research interest in co-gasification of various coals and biomass mixtures can be 

seen such as in Japanese coal and cedar wood (Kumabe, et al. 2007), coal and saw dust 

(Velez, et al. 2009), coal and pine chips (Pan, Velo and Roca, et al. 2000), coal and silver 

birch wood (Collot, et al. 1999), coal, pine and polyethylene (Pinto, et al. 2003) and coal and 

birch wood (Brage, et al. 2000).  

Page No. 3



Chapter 1      Introduction 

Co-gasification process not only reduces carbon footprint on the environment, but also 

improves the H2/CO ratio in the produced gas (Kumabe, et al. 2007). About 70–85% of the 

carbon in the feedstock is converted into the product gas and the ratio of CO/H2 produced 

depends on the hydrogen and carbon content of the feedstock and the type of gasifier used. 

The product gas produced differs from natural gas in terms of heating value, composition, and 

flammability characteristics (Anthony, et al. 2014).  

The high inorganic matter of biomasses contributes to catalyse the gasification of coal. 

Most of the co-gasification studies have focused on the parametric studies of the gasifier 

(André, et al. 2005, Pan, Velo and Roca., et al. 2000), while little attention has been given to 

the mechanism by which these blends of low-grade coal and biomass thermally interact and 

degrade in co-conversion environment. The interaction among coal and biomass during 

thermal co-conversion is still an issue and yet to be solved. Some de-volatilization and 

pyrolysis results of coal and biomass blends have revealed a very little or no synergy between 

two fuels (Aboyade, et al. 2013, Li, et al. 2014), while some others have revealed significant 

interaction among them (Edreis, et al. 2014, Krerkkaiwan, et al. 2013, Park, et al. 2010, 

Sjostrom, et al. 1999).  

1.3   Future Global Energy Sources 

In recent years, due to the continuing increase in oil prices, the utilization of coal has 

already shown the potential of economical competitive advantage (Qixiang 2013). Coal is an 

important conventional fossil fuel with abundant reserve estimated to be around 1000 billion 

tons in the world, which could be sufficient to last approximately 180 years based on the 

current consumption rate (Lee, Speight and Loyalka 2007). Coal will continue to be a global 

energy solution throughout the 21st century (IEA 2013). The low cost and high energy density 

of coal has made it, in many developed and undeveloped countries as a fuel of future choice. 

As a result, it is expected that it will contribute significantly, especially in fast-developing 

countries such as China and India (World Energy Outlook 2012, 2013). China alone uses 

coal, nearly twice as much as all countries from the Organization for Economic Co-operation 

and Development (OECD) use jointly. Since 2011, India has become the third largest coal 

consumer in the world after China and the United States (Tchapda and Pisupati 2014).  

The common usage of coal is mainly through direct combustion for electricity 

generation, or as a feedstock for the production of coke. Coal could also be converted into 
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substances that could be alternatives of petroleum or natural gas, through gasification and 

subsequent liquefaction. This is especially true for the low rank coal which is not suitable for 

direct combustion and coking; gasification of such types of coals could be a more viable 

option. Moreover, the utilization of coal as fuel for gasification reduces the environmental 

issue, such as generation of NOx, SOx and other pollutants. Figure 1.2 presents the future 

world energy resources and percentages of each energy form, as estimated up to 2035 (IEA 

2012).  

  

Figure 1.2: Percentage of main energy sources from 1980-2035  

1.4   Coal Resources in Pakistan for Gasification 

The majority studies of coal gasification performance have been conducted for 

bituminous coals. However approximate 47% of global coal reserves consist of lignite and 

sub-bituminous coals. Low-rank coals carry inimitable challenges as well as opportunities for 

coal gasification (British Petroleum 2005). Pakistan is a coal-rich country, and there are vast 

resources of low rank coal ranges from sub-bituminous to lignite, spread all over the country, 

including Azad Jammu & Kashmir (Map 1).  

According to approximate estimates, the total coal resources of Pakistan are more than 

185 billion tons (PPIB 2004). The total coal deposits of Thar alone are estimated at 175.5 

billion tons. Thar coalfield is located in the south-eastern part of Sindh. It covers an area of 

9000 sq. km in the Tharparkar desert. The mineable coal reserves are estimated to be 1.620 
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billion tons. Sindh coal is classified as ‘Lignite’ with calorific value ranging from   12.14 to 

31.5 MJ/kg. Thar coal has low sulphur and low ash content but high in moisture.  

The main coalfields of Punjab are in the Salt-Range and at Makarwal (Map-1) 

Figure1.3. The total coal resources are estimated at 0.235 billion tons of which 33 million tons 

are mineable. Punjab coal is classified as Sub-bituminous, and the heating value ranges from 

22.03 to 36.75 MJ/kg (PPIB 2004).  

 

Figure 1.3: Map-1 Coal resources of Pakistan Source: (HDIP 2013) 

The coalfields of KPK are not yet fully explored. Its coal deposits are located in two 

areas, namely Hangu and Cherat. The coal resources of Hangu and Cherat are estimated to be 

0.091 billion tons. The coal beds in Hangu area are up to 3.5 m thick, whereas in Cherat area, 

they are generally less than one meter in thickness. The coal is classified as Sub-bituminous 

and its heating value ranges from 21.83 to 33.08 MJ/kg (PPIB 2008).  

The second largest mineable coal resources are located in Baluchistan province. There are a 

number of coalfields in Baluchistan, the major coalfields being Sor-Range/Degari, 

Khost/Sharigh/Harnai/Ziarat, Mach, Duki and Chamalang as given in Figure 1.3. The total 

coal reserves are about 0.217 billion tons, out of which 32 million tons are considered 

mineable. The thickness of coal seams ranges from 0.3 to 2.3 meters. Baluchistan coal is 

classified as sub-bituminous to bituminous and the heating value ranges from 22.40 to 36.05 

MJ/kg. The workable seam has a thickness of 0.3 to 2 m. It has low moisture, low ash, highly 
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volatile and has high fixed carbon. Its heating value ranges from 29.07 – 33.40 MJ/kg and is 

considered suitable for power generation (Economic Adviser’s Wing 2012). Surprisingly, the 

share of coal in energy supplies of Pakistan remained 6.6% during 2011-12 with a decrease of 

10.6% from year 2006-7 (HDIP 2013). The primary energy supply of Pakistan almost 

remained unaltered since last decade as can be seen in Figure 1.4. 

 

 

Figure 1.4: Primary Energy Supply of Pakistan by source (%) 

1.5   Biomass Resources for Gasification 

According to the estimates of IEA, the share of fossil fuels in the world’s energy mix 

will fall from 82% to 76% in 2035. Low carbon energy sources (renewable) and nuclear, meet 

around 40% of the growth in primary energy demand. Virtually half of the net increase in 

electricity generation will come from renewable (IEA 2013). Biomass energy is supplying 

about 10-15% of today’s demand. It includes a wide range of organic material such as wood-

based energy crops, wood, wood wastes, agricultural residues, wheat straw, rice straw, grass, 

algae, municipal wastes, forest product wastes, paper, cardboards and food wastes (Demirbas 

2008, Luo and Zhou 2012). In general, all biomass can be converted to biofuels and biopower 

via thermo-chemical and biochemical processes. The production of biofuels through thermo-

chemical conversion processes (combustion, gasification and pyrolysis) with a wide-ranging 

of technologies has drawn the most interest in the world. The major advantage of thermo-

chemical processes for biomass conversion over the other methods such as biochemical 

technologies is because of effective utilization of the feedstock (Akia, et al. 2014). Biomass is 
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now believed to be economically competitive with the oil. In global terms, biomass ranks 

fourth as energy resource making up 18% of the world’s primary energy needs (Perlack, et al. 

2005). Another important fact is its uniform worldwide distribution and its ready availability 

at local level, thus reducing the dependence upon the fossil fuel. Moreover, high contents of 

hydrogen (H) in biomass, making it suitable as a blend to compensate the often-low hydrogen 

(H) content of coal. The disadvantages of biomass as gasification feedstock are the low 

energy density, high moisture and oxygen contents, even though giving a high hydrogen 

yield. This deficiency is compensated by blending with a higher energy content coal (Tchapda 

and Pisupati 2014).  

Pakistan is the world’s 5th largest producer of the sugarcane in terms of acreage and 

15th producer of sugar. Sugarcane is grown over millions hectares area of the country and 

provides the raw material for more than 84 sugar mills established throughout the country. 

After textile, sugar industry is the  largest agro based industry in Pakistan. For the year 2011-

12, the sugarcane production is estimated at 58 MT; upto 10% (52.8 MT) over the previous 

forecast (Faran Sugar Mills Sindh,Pakistan 2012). The total crushing of the sugarcane over 

the year 2011 was 78.15 MT. Sugarcane bagasse is the residue that outcome from the 

crushing of sugarcane. It is obtained in large quantities during the processing of sugarcane in 

the sugar industry. The bagasse is 34% of the cane crushed with average moisture contents of 

50%, so total available bagasse from 78 sugar mills is estimated more than 19.72 million tons.  

Sugarcane bagasse is primarily burnt inefficiently in boilers that supply the heating for 

the sugar industry, thus the renewed interest in its efficient utilization through an efficient 

means of conversion such as gasification (Anthony, et al. 2014). The surplus bagasse is about 

10% of the total produced in sugar mills. Currently, 90% of available bagasse is used for 

direct combustion in bricks cooking and balance is being used in paper board, etc. Whereas 

the other agricultural residues likewise rice hull, cotton straw and corncob constitute another 

large resource of energy (Amur and Bhatlacharya 1999).  

Production of the rice crop is estimated at 6160 million tons for the year 2011-12 with 

the increase of 27% from the year 2010-11. Rice hull involve two stages of paddy milling 

process. In the first stage, 12.5% of the hull is removed, which is used as a fuel in rice mills 

and brick kilns, while in the second stage, the remaining of the husk along with some broken 

pieces of rice is removed. This part of rice husk is used as an animal feed. Similarly, corncob 

is also gaining popularity as a boiler fuel in textile industry due to low in cost and easy to 
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transport. Therefore, rice hull, corncob and bagasse are the most prolific biomass resources in 

Pakistan.  

Moreover, according to energy security plan vision of 2005-2030 Pakistan(Malik and 

Siekh 2011), the contribution of renewable energy resources shall have to be increased up to 6% 

of the total energy requirement as depicted in Figure 1.5. 

 

Figure 1.5: Proposed energy supply projection of Pakistan from various sources, Actual 

energy supply mix is provided in Figure 1.4  

1.6   Focus of the Present Study 

 Although Pakistan stands 5th in worldwide coal reserves but these fossil fuels are low 

in rank and hence an efficient technology is needed for their effective utilization having a 

mitigating effect with respect to CO2 and other pollutants. In addition to fossil fuels, there is a 

huge potential of renewable resources like hydro energy, solar energy and biomass energy, 

which need to be explored. Being an agricultural country, there are large resources of biomass 

fuels. The biomasses fuels are considered as CO2 neutral fuel and can mitigate the negative 

impact of fossil fuels. So, Co-firing is a promising technique, despite the complex nature of 

biomass fuels (Sonobe and Worasuwannarak 2006).  

Most of the co-gasification studies have focused on the parametric studies of the 

gasification process in various gasifiers  (André, et al., 2005; Pan, et al., 2000), while little 

attention was given to the mechanism of co-gasification using blends of low-grade coal and 
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biomass in CFBG. Fluidized bed gasification (FBG) is an emerging thermal conversion 

technology for variety of solid fuels especially, well-matched to low-grade fuels and waste 

materials  (Subbaiah, et al., 2014). Co-gasification processes require some novel custom fitted 

technology and optimized operating parameters for the coal and region-specific sugar cane 

residues. Hence, co-utilization of coal with biomass, using promising technology of CFBG for 

gasification, complement each other by making up of deficiencies of one kind of fuel with the 

other, without affecting the environment. However, development of proper thermo-chemical 

conversion processes for co-gasification, including the design and operation of the reactor, 

needs more information on the characteristics and kinetics of these complex fuels. 

Up till now most of the researcher has focused on the utilization of high grade coal 

and biomass blends as fuel for pyrolysis and combustion process, while little attention has 

been paid to other processes like co-gasification for the production of producer gas in CFBG, 

which is focus of this study. However, development of proper thermo-chemical conversion 

processes for co-gasification, including the design and operation of the reactor, needs more 

information on the characteristics and kinetics of these complex fuels.  

The knowledge about the gasification process and complex nature of the low-grade 

Pakistani coal, ranging from lignite to sub bituminous and biomass materials are yet to be 

explored. The effects of operating parameters such as heating rate, feed composition, and 

equivalence ratio (ER) on the kinetics of gasification process, still to be investigated and 

hence, have been fixed as one of the objectives of the study. 

1.7   Structure of the Thesis 

The chapter 2 of the thesis mainly focuses on literature review about the gasification 

process, gasification techniques including the thermal conversion and the parameters that 

effect this conversion. The chapter closed with summary of the chapter, objectives, 

justification and likely benefits of this study. Chapter 3 is the experimental work-1 that 

includes the laboratory scale characterization studies of co-gasification materials. Methods 

and equipment used in the experimental work have been presented.  Details discussion has 

been made about the physical and thermal characterization studies of co-gasification fuel. In 

the end useful summary is compiled. 
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Chapter 4 deals with the experimental work-2 carried out in CFBG. This chapter deals with 

the details of development and operation of the experimental rig that is used for the 

determination of influencing factors on the composition of producer gas. Method, material, 

equipment and uncertainties of the experimental work   have been discussed in detail. Useful 

summary is also given. Chapter 5 presents and discusses the results obtained from the 

experimental runs at various operating conditions. In the end, conclusions are drawn from this 

study and suggestions have been made for further research work in chapter 6. 
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CHAPTER 2 

LITERATURE REVIEW 

This chapter critically reviews the literature on physical and thermal characterization 

of coal and biomass obtained from different sources as feedstock for co-gasification. The 

thermo-chemistry of the co-gasification process has been reviewed in detail. The research 

experience of numerous researchers regarding different techniques of gasification and gasifier 

has been discussed. The effect of operating parameters on the composition of producer gas 

investigated by various researchers has been also reported. Finally, the objectives, 

justification and likely benefits of this study are presented.  

2.1  Thermal Characterization of fuel for co-gasification 

The variation of fuel mass during thermo-chemical conversion has been extensively 

studied for a large variety of fuels in TGA equipment. The suitability of material for 

gasification depends on certain characteristics of the fuels like heating value, moisture 

contents, feed size and TGA studies. Variety of fuels can be blended and co-gasified 

(Boerrigter and Rauch 2006). Thermogravimetery is the thermal degradation process which 

mainly depends on the atmosphere in which it occurs, e.g. inert atmosphere is needed for 

pyrolysis, excess oxidizing for combustion and partial oxidizing or reducing for gasification. 

Thermo gravimetric measurements are widely used in the study of proximate analysis, effect 

of reactive atmospheres, determination of thermal stabilities and decomposition kinetics of 

materials.  

Gasification is considered as an extension of pyrolysis. Numerous researchers 

investigated the pyrolysis process for variety of materials like coal, biomass and coal/biomass 

blends using TGA and reported their observations for weight loss and de-volatilization 

behaviour of these materials (Wang, et al. 2012, Chen and Kuoh 2011, Damartzis, et al. 2011, 

Sonobe and Worasuwannarak 2006).  

Although, other researchers investigated the combustion processes using TGA that 

took place in oxidative atmosphere (Shen, et al. 2009, Yorulmaz and Atimtay 2009) and (Safi, 

Mishra and Prasad 2004). TGA is also used in torrefaction of biomass, a mild pyrolysis 

process occurred at the temperature range of 200°C–300°C (Chen and Kuoh 2011) and 
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established that the thermal behaviour of biomasses is highly influenced in a high-temperature 

environment.TGA is also used to determine the kinetic parameters of a variety of biomass 

materials (Munir, et al. 2009, Mehrabian, Scharler and Obernberger 2012, Tiwari and Deo 

2012). 

Furthermore, factors affecting the kinetics and thermal decomposition of materials 

have been the area of interest of many researchers, who determined the combustion kinetics of 

residual char of pyrolytic process (Cai and Chen 2012). For this iterative linear integral iso-

conversional method was used.  

Kinetic studies of these thermal conversion processes (pyrolysis, combustion and 

gasification) can be achieved both by applying isothermal and non-isothermal techniques; 

however, it is still a controversial issue (Mortaria, et al. 2010) and (Sonibare, et al. 2005). 

Non-isothermal method has been found of much interest for heterogeneous reactions among 

the researchers (Cumming 1984, Tanaka 1995, Senneca, Salatino and Chirone 1999, Mortaria, 

et al. 2010). Further to above, researchers have investigated non-isothermal 

thermogravimetric analysis of two different carbonaceous materials i.e. coal and sewage 

sludge, for combustion process and recommended to use non–isothermal TGA with some 

modification for kinetic measurements of coal reactivity (Otero, et al. 2008).  

 Recent studies have been reported about the reactivity and kinetic behaviour of Thar 

coal (lignite) using non-isothermal TG for the pyrolysis and combustion processes (Sarwar, 

Khan and Azhar 2011). They determined the activation energy for pyrolysis reaction that 

ranges from 19.20-63.55 kJ/mole and for combustion process the range of activation was 

estimated 23.68-54.49 kJ/mole.  

Consequently, as such thermogravimetric analysis allows researchers to conduct their 

studies on the lab scale, rather than at a plant level, for the thermal conversion processes and 

make their observation regarding the operating parameters affecting the conversion and 

kinetic behaviour of these thermal processes.  

2.2 Gasification Process 

Thermo-chemical conversion processes, together with gasification, pyrolysis and 

combustion have been established the best available technology to translate these renewable 

materials into valuables fuel and fine chemical feedstock (Ghani, et al. 2012). Further to 
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above, pyrolysis, combustion and gasification are the three linked processes that take place 

simultaneously in following stages (Laurendeau 1978, Watkinson, Lucas and Lim 1991, Yu, 

et al. 2004):  

1. Drying (de-moisturization) 

2. Pyrolysis of solid (de-volatilization).  

3. The heterogeneous reactions of the resultant char with the reactant gases leading to 

the formation of gaseous products and ash.  

4.  Homogeneous reactions of the reactant gases and the volatile species of pyrolysis.  

Combustion, which is a rapid chemical reaction of two or more substances, is usually 

called burning. In combustion, the major combustible elements, carbon (C) and hydrogen (H2) 

of the fuel react in the presence of excessive oxidant (oxygen/steam/air). The combustion 

reactions are fast at the prevailing high temperatures (approximately, > 900°C) because the 

reaction rates increases exponentially with temperature and the main products of combustion 

are CO2, H2O, SOx, NOx and ash (Sharmina, et al. 2014).  

Pyrolysis is the fastest of the three stages, although it does not play a major role in 

determining the overall kinetics of the gasification system. Pyrolysis occurs in a temperature 

range of 350°C-800°C and results in the production of char, CO, H2, CH4, CO2, H2O, tars and 

hydrocarbons. The tar and other hydrocarbons will be cracked to form H2, CO, CO2 and 

others hydrocarbons, at high enough temperature (Boerrigter and Rauch 2006).  

Gasification processes offer a competitive route for converting a variety of fuels for 

production of a broad sort of outputs: heat, power, liquid fuels and synthetic chemicals. The 

gasification process includes a series of interconnected reactions. The first step includes a 

quick drying process following this fast pyrolysis, which is a thermal conversion to char and 

gas products. Final step is gasification, that is, partial oxidation reaction between pyrolysis 

productions and oxidant (Akia, et al. 2014, A.V.Bridgwater 2003, Nordgreen 2011).  

The producer gas is produced in the temperature range of 700°C-1000°C in the 

presence of some oxidizing agent such as air/oxygen or steam (Sadaka 2008). The required 

heat for gasification is supplied either auto-thermally (direct) or allo-thermally (indirect). In 

autothermal process, the partial combustion of feedstock with air or oxygen provides the 
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necessary thermal energy required for the gasification reactions. On the other hand, in allo-

thermal process the required heat for gasification is supplied by some additional process that 

generally takes place outside the main gasifier (Belgiorno, et al. 2003).  

Table 2.1: Presented the view of Gasification and Co-gasification plants in  the world  

Feedstock Output (MW)      Year started         Location 

Coal / Biomass 250 1994 Buggenum, Netherlands 

Coal/ Petroleum coke 260 1995 Terre Haute, IN, USA 

Coal/ Petroleum coke 250 1996 Polk County, FL, USA 

Coal/ Petroleum coke 350 1996 Vrevosa, Czech Republic 

Coal / Biomass 40 1996 Lausitz, Germany 

Coal/ Petroleum coke 300 1998 Puertollano, Spain 

Tar 160 2001 Jurong Island, Singapore 

Visbreaker tar 280 2002 Falconara, Italy 

Petroleum coke 160 2003 Delaware City, DE, USA 

Asphalt 342 2003 Negishi, Japan 

Oil residue 250 2006 Sannazzaro, Italy 

Oil residue 280 2009 Quanzhou, China 

Coal 350 2012 Majuba, South Africa 
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For allo-thermal process, heat can be supplied by electrical heaters, steam, inert gases (flue 

gases of combustion) or bed material circulated through the heat exchanger. Each approach 

has its merits and demerits.  

 Gasification has been used more than 50 years in the variety of industries such as 

chemical, refining and fertilizer. It has also been extensively used by the electric power 

industry for more than 35 years. Above all, there are more than 140 gasification plants, with 

more than 420 gasifiers operating worldwide (GTC, 2008). South African’s Sasol company is 

one of the prominent user of gasification technology and producing synthesis gas using fixed 

bed dry bottom gasification technology, which is a fore-runner in its liquid transport fuels and 

chemicals production (GTC, 2008). 

2.3 Thermo Chemistry of Gasification 

According to the study of many investigators, coal is mainly composed of carbon and 

its gasification involves the following series of heterogeneous and homogeneous reactions 

(Velez, et al. 2009, Qixiang 2013). Furthermore, simplified series of gasification reactions are 

as given in eq. 2.1-2.10 (Kumar, Jones and Hanna 2009, Luo and Zhou 2012, Asadullah 2014, 

Marcio L. de Souza-Santos 2004, Moulijn, Makkee and van 2001, de jong, et al. 2003).  

2.3.1 Heterogeneous Reactions 

The series of heterogeneous reactions includes the combustion or partial oxidation, 

which mainly depends on the temperature and ER values. Low temperature favours the 

combustion reaction (CO2 formation) and high temperature enhances the partial oxidation (CO 

formation). The other reactions include the water gas (WG), Boudouard and Methanation (Yu, 

et al. 2004).  

Table 2.2: Heterogeneous Reactions of Gasification process 

Reactions Reaction Name 
Reactions 

Type 

Reaction heat, 

H°R (MJ/kmol) 

Equation 

 

2C + O2  2CO 

or 

C+O2 CO2 

Partial oxidation 

 

Combustion 

Exothermic 

 

Exothermic 

-110. 5 

 

-393. 77 

(2.1) 

 

(2.2) 
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 C + H2OCO+H2 Water gas (WG) Endothermic +131. 4 (2.3) 

C + CO2  2CO Boudouard Endothermic +172 (2.4) 

C +2H2 CH4 Methanation Exothermic -74. 90 (2.5) 

Combustion (Eq. 2.2) is the fastest of all the heterogeneous reactions and methane formation 

(Eq. 2.5) is the slowest one. However, Boudouard reaction (Eq. 2.4) which is slower than the 

WG is regarded as rate determining reaction.  

2.3.2 Homogeneous Reactions 

Homogeneous reactions include the partial oxidation reactions of volatile gases (CO, 

H2 and CH4), water gas shift reaction (WGS) and methane reforming reaction (MRR). For 

WGS reaction, high temperature favours backward direction and low temperature favours the 

forward reaction. Among all the homogeneous reactions, methane reforming is the slowest 

one (Qixiang, 2013).  

Table 2.3: Homogeneous Reactions of Gasification’s 

Reactions Reaction Name 
Reactions 

Type 

Reaction Heat 

∆H°R 

(MJ/kmol) 

Equation 

CO+0.5 O2CO2 

H2+0.5 O2H2O 

CH4+0. 5 O2  CO +2H2  

Oxidation of 

volatiles 

products 

Exothermic 

Exothermic 

Exothermic 

-110. 5 

-393. 77 

-35. 71 

(2.6)  

(2.7) 

(2.8) 

CO + H2O <=> CO2 + H2  Water gas 

shift. 

Exothermic -41. 0 (2.9) 

CH4 + H2O<=> CO+3H2  Methane 

Reforming 

Endothermic +206 (2.10) 

Bio-masses contain complex compounds such as cellulose, hemicelluloses, lignin, extractives 

and minerals. Moreover, the de-volatilization tendency of biomass fuels is more due to its 

high percentage of volatile components (70-86% on a dry basis) as compared to coal (30%). 

Therefore; pyrolysis plays a vital role in biomass gasification than in coal gasification 

(Boerrigter and Rauch 2006). In other words, agricultural waste biomasses produce small 
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amount of char and major fraction of gaseous products such as tar and condensable volatile 

matters. Recently, investigator has referred in its review article that the char followed the 

series of reaction as given in equation 2.1 to 2.5, whereas all the volatiles and tar were 

thermally cracked into gaseous product during gasification (Brar, et al. 2012). Likewise, many 

other investigators the complex gasification reaction for biomass, may be presented by a 

single reaction (Kumar, Jones and Hanna 2009).  

CHx Oy Nz Ss +Air + H2Og  CH4 + CO + H2 + H2O + C (Char) + Ash + Tar 

(2.11)

Additionally, tar formed in the above reaction is cracked into CO & H2 through the following 

mechanism as investigated by (Chhiti and Kemiiha 2013).  

Tar  x1 CO + x2 CH4 + x3 C (x1, x2 & x3 are unknown) 

(2.12)

Among the above described reactions, the partial-oxidation and char-oxidation reactions are 

slowest, and are the rate controlling factor in the overall gasification process. Consequently; 

these steps play a major role in the design of a gasifier, and in the assessment of coal to be 

used for a particular gasification technology. Therefore, it is important to understand the 

reaction kinetics of the coal-char under investigation. Thus, the role played by various 

properties of coal and biomasses formed the basis for their work (Ataei, et al. 2012).  

It has also been reported that the overall gasification process being an endothermic 

process, heat required for it may be supplied internally by partial combustion of fuel or by 

some external source. The composition of the producer gas mainly depends on the operating 

condition and type of gasifier (Ataei, et al. 2012).  

2.4  Classification of Gasifiers 

A multiple type of gasifiers have been developed for the conversion of coal and 

biomasses into producer gas. The gasifiers may be classified on the following basis (Chhiti 

and Kemiiha 2013); 

1. Location of feed injection (top, bottom or sideways)

2. The mode of feed movement (gravity or fluidization).

3. The gasifying agent (air/oxygen/steam).
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4. The type of heating (autothermal or allo-thermal).  

5. The temperature range 

The three main types of gasifiers are; fixed bed, fluidized bed and entrained bed 

gasifier. The fixed bed gasifiers are available in following three arrangements: 

1. Updraft fixed-bed gasifier,  

2. Downdraft fixed-bed gasifier  

3. Cross draft fixed-bed gasifier  

The fixed bed gasifier consists of bed of coal, biomass or blend of coal/biomass placed 

in controlled quantity and oxidant (air/oxygen) is supplied either from bottom, top or in cross 

position.  

2.4.1 Updraft Fixed bed Gasifier (UDFBG) 

Figure (2.1) for UFBG demonstrates that fuel and gases flow counter-currently to each 

other. The high temperature oxidation zone is situated at the bottom of the gasifier where part 

of the fuel is combusted. The gasifying agent is injected at the bottom of the gasifier while the 

feedstock is introduced at the top of the reactor and descends from the top to the bottom. Part 

of the fuel is burned in the oxidation zone. Progressively, increasing temperatures establishes 

four common zones (i.e. drying, pyrolysis, combustion and gasification) in fixed bed gasifier 

(Quaak, Knoef and Stassen 1999). Temperatures in the oxidation zone can exceed 1500°C. 

The heat dispersed from the oxidation zone and the gasification zone above it is transferred by 

forced convection and radiation upwards to the pyrolysis and drying zones. The oxidation 

zone lies at the bottom of the gasifier and the combustion gas passes through this zone 

reacting with the char, thereby releasing the required process heat. The produced gases, tar 

and other volatiles disperse at the top while ashes are removed at the bottom of the gasifier 

(Heermann, Schwager and Whiting 2001). In the drying zone, the moisture contained in the 

coal or biomass is released and resulted to dry the feedstock. In the pyrolysis zone, volatile of 

the feedstock is de-volatilized and char is left. In the combustion stage, the residual char of 

feedstock is completely oxidized into CO2 and H2O. Afterward, in the reduction zone, the 

combustion gases and char is further reduced to CO and H2. The gas produced by an UDFB 

gasifier generally exits at low temperatures (approximately 400°C). Although, the fixed-bed 

gasifiers are easy to construct and are low in cost, but they produce large quantities of tar & 
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oil due to non-uniform heat and mass transfer between solid-fuels & gasifying agent (A. V. 

Bridgwater 1995, Adriansyah 2009).  

2.4.2 Down Draft Fixed Bed Gasifier (DDFBG) 

 

In a downdraft fixed bed gasifier (DDFBG) as shown in Figure 2.1, feedstock is 

injected at the top while the gasifying agent is introduced all the way through a set of nozzles 

located on the sides of the gasifier. Reaction zones in a downdraft gasifier are alike to those in 

the updraft gasifier, except from the locations of the oxidation and reduction zones that are 

interchanged. The main difference between UDFBF and DDFBG is that the pyrolysis 

products in the DDFBG are allowed to pass through the high temperature oxidation zone. 

Therefore, they experience further decomposition. Moreover, the moisture vaporized (steam) 

from the biomass enters the gasification zone and serves as a gasifying agent. The final 

product gases, which leave the gasifier from the bottom at a fairly high temperature (700°C), 

contain substantially less tar than the UDFB gasifiers (A. V. Bridgwater 1994(a)). 

 

2.4.3 Cross Draft Fixed Bed Gasifier (CDFBG) 

 

Cross-draft gasifiers are in many ways similar in operating characteristics to the down 

draft gasifiers as shown in Figure 2.1 (extreme right). In CDFBG the gasifying agents (Air or 

air/steam mixtures) are introduced from the side of the gasifier close to the bottom whereas 

the product gas is drawn off from the opposite side. Usually an inlet nozzle is provided to 

bring the higher velocity air into the centre of the combustion zone, which creates a hot 

combustion zone. The oxidation and reduction zones are both intense to a small volume 

around the sides of the gasifier.  

 

The main advantage of CDFBG is to respond rapidly to load variation and is simpler 

to construct and produced product gas with low tar contents, therefore more suitable for 

running engines than the other types of fixed bed gasifiers. However, they are sensitive to 

changes in feedstock composition and moisture content 
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Figure 2.1: Schematic view of updraft, downdraft and cross draft fixed bed gasifiers. 

2.4.4 Entrained Bed Gasifier 

The entrained bed gasifier is widely used for coal 

gasification. Entrained beds are available in large scale 

(i.e.>100 MW) and often use fossil fuels due to particle size 

limitation (Basu, Prabir 2006). For biomasses, its application 

is limited because liquid or fine particles are required. The 

fuel and oxidant are fed from top of the gasifier at high 

temperature, above 1300°C . The high temperature melts the 

ash and forms a slag that is drained from the bottom of the 

gasifier; however, due to high temperature it gives high 

carbon conversion.         

         Figure 2.2: Entrained bed gasifier, fuel and 

      Oxidant enter reactor co-currently     

2.4.5 Fluidized Bed Gasifier 

Contrary to fixed bed reactors, fluidized beds have no distinctive reaction zones. 

Drying pyrolysis and gasification occur all together in the reactor, due to coherent mixing and 

Page No. 21



Chapter 2       Literature Review  

therefore, closed to isothermal during its stable operation. Fluidized bed reactors can be 

classified by configuration and the velocity of the gasifying agent, e.g. bubbling, circulating 

spouted and swirling fluidized. Currently most of the gasifiers under development employ 

either Bubbling Fluidized Bed (BFB) or Circulating Fluidized Bed (CFB) configurations.  

2.4.5.1 Bubbling Fluidized Bed Gasifier 

In BFB, the velocity of the upward flowing gasification agent is around 1–3 m/s and 

the expansion of the inert bed occurs only at the lower part of the rector. Fluidizing sand (inert 

material) and char do not come out of the reactor because of the low velocity (Quaak, Knoef 

and Stassen 1999). The flow rate of the gasification media (air/oxygen/steam or flue gases) is 

adjusted at a flow rate where the pressure drop across the particles is high enough to support 

their weight. In bubbling fluidization, the gas in excess of that needed for minimum 

fluidization passes through the bed in the form of bubbles. Due to coalescence in the bed, 

bubbles grow as they rise in the bed and then burst on the bed surface. The bursting of these 

raised bubbles cause a showering of bed solids to leave the bed surface and enter the 

freeboard, from where some of the solid particles are carried over. If this height is above the 

transfer disengaging height (TDH) and carryover is maintained at a constant level then it is 

known as the saturation gas carrying capacity. In developing a BFB, pressure drop across the 

bed is an important variable to be considered as it determines the size and rating of the blower 

needed to supply air. Figure 2.3 (on left side) shows the parts of a bubbling fluidized bed 

gasifier. In a BFB reactor, the velocity of the upward flowing gasification agent is around 1–3 

m/s and the expansion of the inert bed regards only the lower part of the gasifier. Bed sand 

and char do not come out of the reactor because of the low gas velocity. 

The fuel is fed into the bed which operates at temperatures around 700°C - 900°C and 

the pressure range is between 0-70 bars. The bed temperature is limited by the ash softening 

point, temperature above which the ash is sticky and agglomeration of the bed material occurs, 

which can block the fluidisation. Additionally, tolerance limit for moisture in feed stock is 

also limited for FB and these gasifiers can be scaled up to a size greater than 100 MW 

(Gómez-Barea and Leckner 2010).  

2.4.5.2  Circulating Fluidized bed Gasifier (CFBG) 

In CFBG, reactions take place simultaneously and evenly over the entire bed volume 
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in all the three conversion processes viz drying, pyrolysis and gasification. As the solid 

particles in the bed are mixed homogeneously, therefore, the process can be regarded as 

isothermal, especially for char particles because conversion of char is slower than its mixing 

(Gomez-Barea and Leckner 2010). It assembles mainly four parts, the riser, the disengaging 

cyclone, the standpipe and the feeding system as shown in the Figure 2.3 (right). The riser, 

where mainstream conversion of fuel particles occurs, is the core of the CFB reactor. A CFB 

is characterized by high superficial gas velocity and high solid recirculation rate through the 

bed (Yerushalmi 1986). It is a transport reactor system. The superficial velocity (SV) of the 

fluidizing gas is one of the prominent parameter to characterize the bed.  

 

Figure 2.3: Fluidized bed gasifier, bubbling fluidized bed (on the left) and circulating 

fluidized bed (on the right) 

Circulating fluidised beds have been characterized due to higher gas velocity (4 to 8 

m/sec) (Basu, Prabir 2010). The higher gas velocity entrains some of the bed material and 

char in the gas flow. The entrained material is separated from the gas stream and circulated 

back to the main reactor. A feedback loop consists of a cyclone or series of cyclones is 

provided to re-circulate this beds material back into the reactor to maintain the solid 

inventory. This loop-seal circulates bed material from the cyclone back to the reactor. The 

high velocities of the recirculation system and violent mixing lead to a higher overall carbon 

conversion for CFB (Basu, Prabir 2006).  
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Addition to above, the enhanced heat and mass transfer in the fluidized bed gasifier enable the 

solid fuel to be gasified at a relatively low operating temperature (700°C ~900°C ) compared 

to the fixed bed gasifier. The tar content in the producer gas is normally higher than that in the 

downdraft fixed bed gasifier but is lower than that in the updraft fixed bed gasifier, and thus 

gas cleaning is required. Remarkably, more reduction of tar in the product gas for CFBG as 

compared to BFBG, both for co-gasification and co-pyrolysis of birch wood and coal as 

reported by some investigator (Collot, et al. 1999). 

For large scale applications the most reliable system is CFBG, whereas BFBG can be 

competitive in medium scale applications (A. V. Bridgwater 2001). Otherwise, downdraft 

gasifiers are the most extensively used for small scale applications. Therefore, large scale 

fluidized bed systems have become commercial due to the successful co-firing projects. The 

high performance of CFBG made it popular worldwide (Collot, et al. 1999).  

2.5  Gasification Agents 

Gasification agents play the vital role in the selection of gasifier and to make the 

process economical. Moreover, it also affects the quality of the product gas. For instance, the 

gasification agents can affect the quantity of tar produced. .Most commonly types of gasifying 

agents used are: air, oxygen, steam and carbon dioxide (Gil, et al. 1999).  

2.5.1 Air 

It is the cheapest and more frequently used source of gasification. The amount of air 

supplied to a reactor is measured by the equivalent ratio (ER), which is a comparison of actual 

air supplied and required for complete combustion. However, the use of air can dilute the 

product gas and hence decrease the energy contents of the gas (Mahishi and Goswami 2007). 

2.5.2 Oxygen 

While using oxygen as a gasifying agent has similar effect on the process as air, 

except it improves the heating value of the product gas and gave N2 free environment; 

however it increases the operating cost (Sugiyama, et al. 2005). 

2.5.3 Steam/Air mixture 
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The gasifiers can also work more effectively with autothermal environment. For this, air and 

steam both used as gasifying agent. The use of air-steam as gasification agent can generate a 

producer gas with higher H2 contents than to air gasification gas, however at higher cost 

(Devi, Ptasinski and Janssen 2003).  

2.5.4 Steam 

Steam gasification is an endothermic process, which produce product gas with highest 

economic cost. Using steam as gasification agent is, recommended when producer gas with 

highest yield of H2 contents and heating value is required, however it also produces higher 

yield of tar. Steam gasification generates 30-80 g/m3 of tar, while steam/oxygen mixtures 

gives 4-30 g/m3, and air gasification produces 2-20 g/m3. So steam gasification is the highest 

in tar contents as compared to other oxidants (Herguido, Corella and González-Saiz 1992, Gil, 

et al. 1999). 

2.5.5 Carbon Dioxide 

CO2 can be utilized as a gasification agent, although the reaction of CO2 with char is 

still unstated (Ollero, et al. 2003). Carbon reactions play the vital role in several gasification 

reactions see reactions 2.3 and 2.9. The use of CO2 in gasification process is promising one, 

because it is one of the gasification products. Besides this, CO2 enhances tar reduction 

reaction in the presence of catalysts (e.g., Ni/Al) and it also increases H2 yield in the final 

product gas. (Ollero, et al. 2003, Ergun 1956). 

2.6   Operating Parameters Affecting Producer Gas 

Feed (composition, particle size and moisture), gasifying media (air, oxygen or steam), 

temperature and pressure are major factors which effect the producer gas composition.  

2.6.1 Particle size  

Smaller particles possess greater surface area and porosity for a given mass, which 

promote faster heat transfer and removal rate of gasification products from solid surface. As a 

result the feed particle size considerably affects gasification results. Decreasing the particle 

size of coal from 1.2 to 0.075 mm results in an increase in gas yield i.e. carbon conversion 
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and %age of CO & H2, whereas a decreasing trend of CO2 in the product gas (Luo, et al. 

2009). 

Similar observations regarding the size reduction for biomass (manure) has been 

reported by some other who reported that for a given temperature, the produced gas yield and 

composition increased with a decrease in manure particle size. The gas yield for the smallest 

size (-14 to +40 mesh) increased from 0.51 m3/kg at 900K to 0.81 m3/kg at 1010K, while for 

the largest size (-2 to +8 mesh), the gas yield increased from 0.10 to 0.60 m3/kg for the same 

temperature range (Raman, et al. 1981). Similarly, for wood gasification, the gasification rate 

increased from 0.1 to 1.0 min-1 when the particle size was decreased from 19.05 to 5.00 mm in 

a fixed bed gasifier. Therefore, smaller particle size, promote higher gas yield, improve the 

energy contents and quality of product gas.  

Another study regarding pyrolysis of coal carried out in a quartz fluidised bed reactor. 

It reflected that increasing the particle size from 0.3 to 0.85 mm decreased the methane yield. 

This decrease in methane yield was perhaps due to the particle size. As particle size increases, 

the residence time of the primary volatile products within the pores of the coal increases and 

allowing secondary reactions (e.g. cracking, condensation, and polymerisation) to occurs 

(British Coal Corporation 1993).  

Similarly other researchers (Yan, et al. 2005) reported that reduction in particle size 

for biomass promote higher gas yield & reduce the tar, improve the energy contents and 

quality of product. 

2.6.2 Moisture Contents 

Drying is required to achieve the moisture contents of the fuel with in some suitable 

range which is acceptable for gasification and few of them have recommended 10-15 % 

moisture contents for biomass (McKendry 2002). Another researcher has precisely 

established the criteria for a variety of materials based on their ash fraction, moisture contents 

and particle size as feed for thermal conversion process (Gomez-Barea and Leckner 2010).  

The change in product gas composition (H2, CO, CO2 and H2O) and heating value due 

to presence of moisture contents in feed stock has been reported. The study was carried by 

varying the percentage of moisture in feedstock (rice husk and bagasse) ranging from 20% to 
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60% and recommended less than 20% moisture for biomasses, otherwise the biomass should 

be dried before entering the gasifier for better quality of producer gas (Ataei, et al. 2012). 

The moisture contents in the feed, caused to an increase in CO2 concentration due to 

the water-shift reaction which consumes CO and liberated H2 during the gasification. Further 

to above the equilibrium constant for water-shift reaction varies little over a wide range of 

temperatures (i.e. the direction tends to reverse at higher temperatures). This is because more 

heat is required for moisture evaporation than the small amount of heat gained due to the 

exothermic behaviour of the water-shift reaction (Roy, Datta and Charkraborty 2009, Inayat, 

Murni and Mutalib 2010). 

Moreover, moisture content in gasification feedstock enhances steam reforming and 

helps to crack tar. At higher temperature it also accelerates other reactions such as char 

gasification (Melgar, et al. 2007). However, impact of moisture in the flue gases of external 

heater, being used as fluidizing media in CFBG, still need further investigation.  

2.6.3 Elemental composition 

There are varieties of fuels which are different in composition based on char, volatile 

matters nitrogen, ash, and oxygen and sulphur contents. The heating values and 

environmental emission are mostly dependent on the fuel composition (Yin 2011). The 

elemental composition of coal and biomass can vary depending on their types. Their 

composition can also be different due to the region. The compounds of nitrogen and sulphur 

are generally smaller in biomass; however, their composition may be higher in coal (Faaij 

2004).  

The quantity of tar produced during the gasification process mainly depends on the 

amount of volatiles in the fuels and the gasifier types. The biomass fuels contain more volatile 

matters as compared to coals. Cellulose is mainly responsible for volatiles; lignin is the main 

supplier of char whereas hemicelluloses contribute evenly to both (Pfeifer, Koppatz and 

Hofbauer 2011) and ( Seo, et al. 2010). Understanding the function of biomass ash, biomass 

composition, components of biomass (cellulose, lignin and hemicelluloses) on volatile 

fraction and char formation during thermal breakdown would assist the knowledge of how 

blends of coal and biomass behave under thermal decomposition (Tchapda and Pisupati 

2014).  
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Low-rank coals present, distinctive challenges as well as opportunities for coal gasification 

techniques, because they normally contained higher volatiles, more inherent moisture, (on the 

db or equal moisture base), alkali metal content (Na, K, Ca), and higher oxygen content than 

higher rank coals, but contained lower sulphur and available at low cost (Lu and Wang 2014). 

Besides this, low-rank coals have higher reactivity compared to high-rank coals (bituminous 

coals). The high moisture content leads to elevated transportation and pre-treatment costs and 

bloodsucking energy consumption, resulting in reduced thermal efficiency for power 

generation whichever through the traditional pulverized coal (PC) combustion process or 

through the gasification process via an Integrated Gasification Combined Cycle (IGCC) 

system (Karthikeyan, Wu and Mujumdar 2009). 

The presence of higher ash contents in feed stocks of CFBG is not suitable (Brar, et al. 

2012). The low melting point of biomass ash, leads to the clinker formation at gasification 

temperature.  Biomass containing alkali oxides and salts with ash content above 5% increases 

the opportunity of clinkering/slugging problems (Velez, et al. 2009). In contrast, to biomass 

the gasification was improved by adding wood waste with a low-grade coal, having an ash 

content of 32%. Although, this improvement was due to the high volatiles, the low ash 

content, and the low sulfur in biomass which counterbalanced the negative effects of the high 

sulfur present in the coal (Pinto, et al. 2003). 

2.6.4 Temperature 

The composition and calorific value of the product gas are strongly influenced by the 

temperature profile of the gasifier. Since major gasification reactions are endothermic, so 

increasing the bed temperature influence the reaction chemistry of gasification process ( Seo, 

et al. 2010). Other investigators concluded from their experimental studies that a rise in bed 

temperature causes an increase in gas yield and H2/CO molar ratio (Pfeifer, Koppatz and 

Hofbauer 2011, Li, et al. 2014). Another researcher investigated more precisely, the effect of 

temperature on the series of gasification reactions (Velez, et al. 2009). For Water Shift (WS) 

reaction between the temperatures 810°C to 850°C, an increase in concentration of H2 was 

observed due to fast conversion of Water Gas Shift (WGS) reaction; whereas CO2 

concentration was highest at 820°C. Beyond and at 850°C, the concentration of CO was 

increased in product gas due to domination of Boudouard reaction that consumes CO2, 

produced in the Water Gas shift reaction. It was recommended that temperature of gasifier 

should be below 1000°C for co-gasification to avoid the sintering of ash (Velez, et al. 2009).  
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Further studies of temperature zones showed that high temperature (> 850°C to 900°C) in 

reduction zone reduces the tar concentration in the product gas, while the higher temperature 

of the combustion zone might increase sintering and de-fluidization of the bed, in case of co-

gasification process. While in the temperature zone between 750°C to 890°C, decreased in 

concentration of CH4 and hydrocarbon by 30% and 63% respectively; however, increase in H2 

concentration (by 70%) was observed (Senneca, Salatino and Chirone 1999).  

For co-gasification process the temperature profile along the bed height supported the 

partial oxidation and water shift reactions. This investigation was reported for temperature 

change between 840°C and 910°C using coal and biomass as feedstock of CFBG (Pan, Velo 

and  Roca, et al. 2000).  

Other researchers investigated the impact of different biomass materials such as rice 

husk, rice straw, corn cob and cellulose on gasification using high temperature steam and 

mixture of steam and air as gasifying agent. They reported increase in concentration of 

hydrogen in the product gas with the increase in gasifying agent’s temperature up to about 

927°C, while the concentration of carbon monoxide continued to increase even above that 

temperature and reported higher concentrations of hydrogen in the product syngas with pure 

steam as gasifying agent (Jangsawang, et al. 2006).  

2.6.5 Blending Coal with Biomass 

Blending biomass with coal, known as co-firing, is a promising technology to achieve 

the higher conversion efficiency in gasification and combustion processes. The major benefits 

of co-firing in gasification are that the blend quality parameters such as sulphur, ash and 

heating value are maintained (Shen, et al. 2010) and (Xu, et al. 2009). Further to above, Co-

firing of low volatile coal with high volatile biomasses improves the performance of 

combustion and gasification with an additional benefit of reduction in CO2 emission to the 

environment ( Seo, et al. 2010).  

Owing to the decrease of fuel- nitrogen (biomass) and retention of sulphur in the ash, a 

net decrease of NOx and SOx emission for co-firing of straw and coal was investigated 

(Pedersen, et al. 1996). Additionally, a lower ammonia yield during co-gasification of birch 

wood and Daw Mill coal was observed (Sjöström, et al. 1999). Added to above an increase in 

de-sulphurisation was observed when blending coal with different types of biomass during  
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de-sulphurisation was observed when blending coal with different types of biomass during co-

pyrolysis as compared to coal pyrolysis only (Cordero, et al. 2004). 

Blending sub-bituminous coal (Coal A, contain higher ash) and a bituminous coal 

(Coal B, contain lower ash contents) with a petcock in gasifier, it was reported that when the 

petcock was mixed with Coal A over 70%, the slugging problem was higher. While, when it 

was blended with coal B, no more slugging problem was encountered. The performance of 

co-gasification can be improved by blending two fuels in 50:50 ratios (Shen, et al. 2012).  

The composition of producer gas was mainly affected by the proportion of biomass in 

the co-gasification process. Coal and biomass varies in composition; the biomass mainly 

contains 50% carbon and 45% oxygen with little ash, whereas coal contains 60-85% carbon 

and 5-20% oxygen, depending on the coal rank (lignite- bituminous). A variety of biomasses 

used as a fuel in co-gasification in different weight proportion has been reported in the 

literature (Prins, Ptasinski and Janssen 2007). The use of biomass (pinewood) up to 50% with 

coal has been reported at industrial scale gasification (Howaniec, et al. 2011).  

Other investigators used two different types of coals (low -grade coal and refuse coal) 

in blending with biomass and observed the impact of blending on co-gasification. They 

recommended a minimum of 20 wt% of pinewood chips for low grade coal and 40 wt% for 

refuse coal to get a better conversion, using fluidized bed gasifier (Pan, Velo and Roca., et al. 

2000). 

While, some others researchers used Mulia coal and Japanese cedar in downdraft 

gasifier and reported the effect of blending coal and biomass in different proportions for co-

gasification and observed the change in composition of product gas with a change in blend 

ratio at temperature of 900°C. The analysis of the resultant product gas showed a decrease in 

H2 from 47.9 to 37.5 (vol %), while an increase in other components like CO2 (26.1 to 33.7), 

CO (22.1-23.9), CH4 (2.6-4.6) and higher hydrocarbons (0.8-2.9) was observed (Kumabe, et 

al. 2007).  

Similar impact of blending coal with biomass on product gases has been reported by 

(Saw, et al. 2011) and (Velez, et al. 2009). They blended 6% & 15% by weight of biomasses 

like saw dust, rice husk, and coffee husk with sub-bituminous coal for co-gasification. Other 

investigators used PE waste with biomass as feedstock of co-gasification in catalytic fluidized 

bed gasifier, the results revealed an increase in the product gas volume percent and hydrogen 
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yield. The highest H2 content 76.18 vol% achieved at 800ºC using 25 wt% of PE mixed with 

PKS. The product gas with a calorific value up to 15.98 MJ/Nm3 was produced which has the 

potential to be used in engines (Reza, et al. 2013). 

Similar to this Coal with higher char content (~45%) is blended with biomass of low 

char content (~20%) with mass ratios of 100:0, 90:10, and 80:20 in order to produce high 

quality gas in UDFBG. It was found that with the increase of the coal ratio in the mesquite: 

coal blend, the peak temperature increased significantly and more combustible gases likewise 

CO, CH4 were generated and the HHV of the product gas was also increased by 10% (Wei, et 

al. 2013)  

In contradiction to above a decrease in efficiency for the blends of both, bagasse (77.7 

to 75.01%) and rice husk (76.7% to 73.8%) was observed, when 50% blend of coal with 

bagasse and rice husk was co-gasified (Ataei, et al. 2012). Similarly other investigators co-

gasified the polyethylene (PE) waste with biomass and observed an increase in the product 

gas volume precent and hydrogen yield. The highest H2 content 76.18 vol. % achieved at 

800°C using 25 wt% of PE mixed with palm kernel shell (PKS). A fuel gas with a calorific 

value up to 15.98 MJ/Nm3 was produced which has the potential to be used in engines 

(Moghadama, et al. 2013).  

Thus the effect of feedstock composition can influence the conversion behaviour all 

through the initial stages of fuel decomposition (de-volatilization) and char gasification 

(Tchapda and Pisupati 2014). The abundant availability of bagasse and sub-bituminous coal 

in the country suggests the possibility of taking up further research in co-gasification process 

using FBG. This would be in line with the interest shown by modern researchers in 

investigating different aspects of co-gasification using CFBG. Similarly studied the co-

gasification process by maintaining the average temperature between 840°C and 910°C and 

investigated that with the increase in proportion of the pine chips from 20 to 100% the 

average temperature of the fluidized bed gasifier dropped by approximately 60°C. Moreover, 

they investigated the impact of temperature profile along the bed height and came to the 

conclusion that increase in temperature profile along the riser height supported the partial 

oxidation and water shift reactions. 

2.6.6  Equivalence Ratio  
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The equivalence ratio (ER) and superficial velocity (SV) terms are used to define oxidant 

(air/oxygen) flow rate for combustion or gasification process. ER is defined as the ratio of 

actual air flow to the air flow required for complete stoichiometric combustion of the 

gasification feedstock. The SV is the ratio of air flow to the cross sectional area of the 

gasifier. Air flow affects the gasification process in many ways. Higher air flow increases the 

temperature and leads to higher conversion of fuel but has an effect on the quality of product 

gas. On the other hand, excess degree of combustion results in the decrease of energy contents 

of the product gas due to higher concentration of CO2. The excess air may also reduce the 

retention time, which in turn, decreases the conversion al and leads to partial oxidation (Li, 

Zhang and Bi 2010).  

Extensive literature review reflected that increasing ER increases the degree of 

combustion due to supply of more oxidant and improve the char burning to produce more 

CO2 in product gas. However, LHV of the producer gas is decreased because of the reduction 

in the concentration of CH4, tar and other higher hydrocarbons in the producer gas (Alauddin, 

et al. 2010). Higher ER value dilutes the producer gas which, in turn, lowers the energy 

contents (Mansaray, et al. 1999). On the other hand, too small ER value was unfavourable for 

gasification as much as it lowers the temperature. Therefore an optimum value of ER 

gasification lies in the range of 0.2–0.4, the exact value being dependent on the various 

operation parameters (Narváez, et al. 1996). Researchers have suggested various optimum 

values of ER for fluidized bed gasifier based on the types of biomass and the quality of 

product gas (Lv, et al. 2004, Natarajan, Nordin and Rao 1998, Gil, et al. 1999).  

2.7  Hydrodynamics of CFB 

Hydrodynamics play a vital role in understanding the operation of a CFB. The 

efficiency of gasification is directly affected by the fluidized bed hydrodynamics. It helps in 

understanding the several aspects of gas-solid suspension behaviour in the CFB under a 

variety of conditions. It provides an understanding to establish as to how effectively gases 

may be transported from one region to the other and transport of product gases to the exit of 

gasifier (Lim, Pang and Nijdam 2012). The transport of gases from and to the reaction area is 

determined by the hydrodynamics of gasifier. A number of remarkable studies on 

hydrodynamics of CFB have been the subjects of many researchers e.g. (Khan, Shahzad and 

Akhtar 2009) and (Hussain 2006). Thus, a good understanding of the gas–solid motion in the 

reactor of a fluidized bed unit is very important. Still, limited information is available 
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regarding some important operational parameters and design of CFB gasifier (Bolkan, et al. 

2003). The next discussion presents a brief summary of the hydrodynamics in circulating 

fluidized beds.  

 Understanding of flow regimes is essential for the successful design and scale- up of 

CFB reactor (Lim, Pang and Nijdam 2012). The fluidisation regimes have been extensively 

characterized in literature for fluidized beds and have been identified as fixed bed, bubbling, 

slugging, turbulent, entrained bed and pneumatic conveying as shown in Figure 2.4 (Kunii 

and Levenspiel 1995). 

 When a bed of solids is exposed to an increasing up flow of gas, the pressure drop 

across the bed also increases. If the pressure drop just balances the weight of the bed material, 

the bed is said to be fluidized and the velocity at which this occurs is known as minimum 

fluidisation velocity, (Umf). The upward drag forces overcome the gravitational forces; 

voidage is increased among the particles. If the gas velocity is less than Umf, stationary bed is 

formed because the cohesive up word drag forces exerted by flow of gas through the void in 

the bed material are less than that the gravitational force exerted in the opposite direction.  

However, further increase in velocity has no effect on the pressure drop, as the drag 

force exerted by the gas flow on the fluidized particles has essentially being balanced by the 

weight of the bed. When this operating condition is achieved, it is called the delayed bubbling 

bed and has been termed as homogeneous fluidization by many other investigators like 

(Zhang, et al. 2008).  

At velocities higher than Umf, larger distinct bubbles within the bed are formed. 

However, as these bubbles move upward, they are ruptured at the surface of the bed material. 

Following the wake of bubbles, small amount of particles are ejected upwards through the 

surface. The velocity at which the bubbling regime starts is called minimum bubbling velocity 

(Umb). It is normally two to four times of Umf.  

Further increase in velocity promotes the size of the bubbles formed and as a result 

more space of the bed is occupied by the larger size bubbles. Thus, if the bed is operating in 

the bubbling mode and the velocity of most of the bed particles is less than the terminal 

velocity (Ut), then the bed will be called as a fluidised bubbling bed (FBB). This regime is 

most suited for fluidisation processes. If the gas velocity is further increased, the bubble size 
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continues to increase close to the diameter of the reactor, forming slugs of gas. This is the 

slugging fluidization regime, and is normally avoided in normal fluidized bed (FB) operation.  

The fluidised bed gradually changes to a turbulent bed (TB), having a recognisable 

surface, when the Ut is exceeded. Any further increase in velocity would yield a fast fluidised 

bed which does not have a distinct surface. At still higher velocities, which exceed the 

terminal velocity (Ut) of all bed particles, bubbles tend to lose their distinct shape.  

Eventually, the fluid bed becomes an entrained bed (EB), at this stage; the solid 

entrainment reaches a constant value with an increase in fluidized bed height. The solid 

entrainment rate under this condition is also known as the elutriation rate which is normally 

associated with the proportion of fine particles. This happens in the turbulent fluidization (TF) 

regime. The higher elutriation of particles (due to increase in gas velocity) causes a higher 

loss of material in the bed, resulting in the decrease of pressure drop across the bed.  

GAS/AIR VELOCITY FLOW 

Figure   2.4: Effect of velocity on fluidisation regime and behaviours of fluidization bed 

With a further increase in gas velocity exceeding the Ut of a large portion of the 

particles, more particles are entrained into the central gas stream and are conveyed out of the 

fluidized bed. Some of these entrained particles disperse towards the wall of the fluidized bed 

and flow downward along the annular wall layers into the bottom section of the fluidized bed. 

The higher solids entrainment is typical of a circulating fluidized bed (CFB) and the flow 

regime may extend to the fast fluidization regime. A continuing increase in the gas velocity 

beyond the fast fluidization regime will lead to pneumatic flow. 
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The solid volume concentration (or the solid fraction) in this regime is dilute throughout the 

whole length of the fluidized bed and in this case, there is no bottom region that is densely 

concentrated with solids. All such behaviours, also defined in the reference (Gibilaro 2001, 

Monazam, et al. 2005), are illustrated in the Figure 2.4. However, other researchers 

characterized the flow regimes of a CFB riser with respect to the time required to empty the 

solids out of the riser at different gas velocities. The results were plotted as time verses the 

gas velocities and three fluidization regimes were observed namely dense phase turbulent 

flow, fast fluidization flow and dilute pneumatic conveying regime (Monazam, et al. 2005).  

The gas-solids distribution in these regimes and its variation along the height has a 

strong effect on the various processes taking place in the system. For example, the presence of 

bubbles severely influences mixing and possible segregation of particles in a fluidized bed. 

Furthermore, the conversion of gaseous reactants in fluidized bed reactors strongly depends 

on the size of voids and their solids content. The core-annulus structure in risers has a large 

impact on the particle-to wall heat transfer. Therefore, it is of especially importance to have 

the possibility to accurately measure the gas-solids distribution (Ruud van Ommen, Robert 

and Mudde 2008).  

2.8 Objectives of the Study 

The objectives of this study can be sequenced as follows; 

(i.) To investigate the thermal conversion and characterization behaviour of wide spread 

resources of low-grade coal and agricultural residues (bagasse, corncob and rice hull), 

then selection of coal and biomass in blend combination for co-gasification.  

(ii.) To develop and operate a CFBG test rig that can be operated up to 1000°C under 

atmospheric pressure by feeding coal and agricultural residue as feedstock in co-

gasification mode. 

(iii.) To study the effect of operating parameters such as feed composition, operating 

temperature and equivalence ratio on the composition of producer gas using CFB 

gasifier.  
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(iv.) To develop the non-conventional pre-heating system and screw feeder for charging 

coal/biomass (blend) with gravity chute arrangement, is expected to facilitate the use 

of industrial gasifier in more than one ways.  

2.9  Justification and Likely Benefits of the Study 

Limited research work is available on indigenous low-grade coal and biomass from 

agricultural waste, despite the fact that Pakistan has appreciable resources of both fuels. 

Gasification is becoming more and more important in biomass utilization. Although different 

types of gasifiers have been developed to meet the different needs, the development of CFBG 

for smaller particle size has made great progress in thermal conversion techniques. The 

productivity of the CFBG is increased five times than that of the fixed bed gasifier. The 

CFBG has the following features: 

1 It is the first practical experience in Pakistan to develop and fabricate the CFB gasifier 

with PLC control system, which can be scaled-up to utilized huge deposits of coal and 

biomass. 

2  Fast fluidization is one of prominent feature of CFB, which enhances the heat and 

mass transfer rate and resulting in the speed-up of gasification process. 

3 Circulation of char increases the residence time of char in the bed and hence its loss is 

decreased, thus satisfying the need of reduction reaction.  

4 Circulating Fluidized Bed Gasification with co-firing is an advantageous alternative 

technology with the following benefits: 

• Combined use of a reliable coal supply with abundantly available waste and 

biomass qualifying for renewable obligation and climate change benefits.  

• Capable of achieving high environmental standards on all fuel, due to effective 

control of emissions.  

• Flexible in choice of gas composition to use in reciprocating engine, gas 

turbine, boiler or, in the future, fuel cell.  

• Potential as an efficient solid fuel for smaller units of electricity generation.  

• Co-firing may also reduce fuel costs, minimize wastes and reduce soil and 

water pollution depending upon the chemical composition of the biomass used.  
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Pakistan has widespread resources of low grade coal and variety of growing agricultural 

waste as mentioned earlier. In this backdrop, there is a huge potential to meet our future 

energy demand by using effective CFB technology of gasification, which has been made the 

focus of this research work. 

 

2.10     Summary 

Literature review depicted that pyrolysis and combustion process had been the subject 

of many researchers using coal, biomasses and coal-biomass blend  as feed stock, while little 

attention were paid to the gasification process. For gasification literature review carried in this 

research work may be summarized as: 

 Gasification was considered as the extension of pyrolysis that took place 

simultaneously in three stages : 

i Pyrolysis of solid fuels.  

ii The heterogeneous reactions of the resultant char with the reactant gases.  

iii  Homogeneous reactions of the reactant gases and the volatile species of pyrolysis.  

 Variety of materials can be used for gasification based on techniques of gasification 

and types of gasifier.  

 Co-gasification of low grade coal and biomass is gaining popularity due to mitigating 

effect of biomass viz-a-viz the generation of CO2.  

 Isothermal and non-isothermal thermo-gravimetric analyses are popular techniques 

among the researchers for the characterization of variety of coal and biomass under 

different operating conditions.  

 CFBGs are the most popular type of gasifiers, being used due to flexibility in choice 

of fuel, operation and quality of product gas.  

 A comprehensive literature review about the parameters influencing the composition 

of the product   gas   has discussed. 

 Study of hydrodynamics of CFBG plays the vital role in designing and operation of 

gasifiers.  

 

Literature review presented that most of researcher has characterized the coal, 

biomasses and their blends for pyrolysis or combustion process, while little information’s 

are available about the characterization of fuel for co-gasification. Moreover, investigation 
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of kinetic parameter under controlled parameter i.e. air flow (sub-stoichiometric), heating 

rate and feed composition is an innovative approach. Use of low-grade high volatile coal 

and baggase (size 425mm) in blending proportion 91/9 and 94/6 is also novel in nature to 

be used for gasification. 

 

Most the CFB gasifiers found in the literature are electrically heated and used pure 

oxygen/steam or air as gasifying agents, where as in the current studies an external gas 

fired heater was provided and the flue gases of the external heater were used not only to 

provide the necessary heat but also as gasifying agent in gasification process, a few 

studies are available in the literature where CO2 was used as gasifying media. 
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CHAPTER 3 

CHARACTERIZATION OF FEEDSTOCK 

 (EXPERIMENTAL (WORK-I) 

This chapter presents the characterization studies of various coals and biomass samples. 

This work involves the physical and thermal characterization of various ranks of   coals, 

biomasses and coal-biomass mixtures. Thermogravimetric techniques were used to determine 

the heating value, proximate & ultimate analyses. Thermogravimetric technique was used to 

characterize the fuels for their use in co-gasification process.  TGA was operated in non-

isothermal mode under various operating conditions such as heating rate, feed composition and 

air flow, as these conditions can modify the conversion behavior of the fuel.  

Results of the TGA study revealed that heating rate, air flow (ER) and feed composition 

have very pronounced effects on Kinetics as well as on conversion performance of these fuels. 

Development of proper thermo-chemical conversion processes for co-firing and then to design 

and operate the gasification reactor, demands the information on the characteristics and kinetics 

of these complex fuels.  

3.1 Thermo-Chemical Conversion and Kinetics 

Thermogravimetery is the branch of thermal analysis which examines the mass change 

of a sample as a function of temperature in the scanning mode or as a function of time in 

isothermal mode (Hussain 2006). It is also used as a tool to investigate the thermal events and 

kinetics of material (Arenillas, Rubiera and Pis 1999).  

Thermogravimetric analysis (TGA) is the thermal degradation process which mainly 

depends on the atmosphere in which it occurs, as it may be inert for pyrolysis, oxidizing for 

combustion and reducing for gasification. Thermogravimetric measurements are widely used to 

determine the compositional analysis, effect of reactive atmospheres, thermal stabilities, 

oxidative stabilities and decomposition of material.  
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Using TGA, characterization of pyrolysis and combustion process for various fuels has been 

the subject of many researchers. However, the characterization of coal and biomass as blended 

fuel for co-gasification process is the new area of interest of many investigators. (Wang, et al. 

2012, Kalita, et al. 2013). While some others investigated the factors affecting the Kinetic 

parameters and thermal decomposition of coal, bagasse and coal-bagasse blends materials 

(Mortaria, et al. 2010). Similarly, thermal decomposition and kinetics of Nigerian coal were 

also investigated (Sonibare, et al. 2005).  

The kinetic studies of these thermal processes can be achieved both by applying 

isothermal and non-isothermal techniques; therefore, it is still a controversial issue. Non-

isothermal method has been found of much interest for heterogeneous reaction among the 

researchers (Wu, et al. 1997, Conesa, et al. 1998).  

The particle size, bulk density, moisture content, volatile content, ash content, sulphur 

content, oxygen and ignition temperature are important parameters to be considered in the 

designing of all thermal conversion systems i.e. Pyrolysis, Combustion & Gasification (Tanaka 

1995,  Laurendeau 1978, Silva-Filho and Milioli 2008).  

Hence, much of the work has focused on parametric studies of different coal, biomass 

or blended fuel for pyrolysis or combustion process, while little attention has been paid to co-

conversion through co-gasification. During this thermal co-conversion process, the interaction 

among coal and biomass is an issue and yet to be solved (Tchapda and Pisupati 2014). In this 

study, the kinetic parameters (Activation energy and frequency factor) and thermally degrading 

behaviour of different coal-biomass blends in sub-stoichiometric environment were 

investigated by varying the operating parameters such as heating rate, feed composition, and 

oxidant flow rate in TGA. Non-isothermal method was applied for the determination of 

conversion behaviour of coals, biomasses and coal-biomass blends. The weight loss studies 

were carried out for fixed time from ambient temperature to 950°C.  

TG studies allow researchers to conduct their studies in the lab scale, rather than at 

plant level, and make their observation of the operating parameters that may affect the 

conversion and kinetic behaviour of these thermal processes. In this way appropriate 

modifications in design and adjustments in the operating parameters of the equipment can be 

made.  In this chapter following investigations were made: 
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• Proximate and Ultimate analysis of coal, biomass and coal-biomass blends were

performed to determine the suitability for co-gasification.

• Impact of various parameters on the reactivity of different coals, biomasses and coal-

biomass blends under sub-stoichiometric environment using TGA in non-isothermal

mode.

• Determine the kinetic parameters   under above stated various conditions.

The results from this study were used in the in design and operation of CFBG as discussed in 

chapter 4 and 5. Particularly, blend composition was recommended based on this study. 

3.2 Experimental work 

3.2.1 Materials 

Four coal samples were collected, namely CHSB, THlig, MASB & SASB belonging to 

Baluchistan, Sindh & Punjab provinces of Pakistan, respectively. The biomass samples such as 

bagasse, rice hull & corncob were collected from sugar mill, rice mill & textile mills 

respectively, where these biomasses were being used as fuel for boiler.  

Figure 3.1: A view of Jaw crusher and grader 

Samples were prepared and analysed at the facilities available at “Coal Research 

Centre” of NFC Institute of Engineering and Technology Multan. All the above said coal 
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samples (ar) were crushed in a Jaw crusher and ground in a mortar grinder. The ground coal 

was segregated into 710, 500 and 355µm sizes and bagasse was analysed for average particle 

size using sieve shaker. The assembly of sizing circuit is shown in Figures 3.1 and 3.2. 

Bagasse and CHSB coal with an average particle size of 490µm and 710µm respectively 

were finally selected as fuel for co-feeding of gasification process. The proximate analysis and 

characterization studies of selected coal, biomass and coal-biomass blends were carried using 

TGA Leco-701 shown in Figure 3.3. 

Figure 3.2: View of Sieve Shaker and Mortar Grinder used for coal sizing 

For elemental analysis, selected coal and biomass samples were prepared in the 

assembly shown in Figure 3.4 and analyses were carried out using CHNS (True-Spec model) as 

shown in Figure 3.5. An Auto bomb calorimeter (model Leco AC-500 ) configured with 

computer system for result calculation along with display was used to determine the heating 

values of coals, biomasses and coal–biomass blends, as shown in Figures 3.6. 
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Figure 3.3: View of TGA-710 used for approximate analysis and TGA study of coal, biomass 

and coal-biomass blend 

Figure 3.4: A view of sample preparation assembly of CHN Analyser 

A digital electronics balance (Sartorius) as shown in Figure 3.7 was used to measure the 

sample weight precisely. The blends of CHSB coal and bagasse in weight proportions 94/6, 91/9 

and 85/15, as shown in Figure 3.8 were prepared and fed to TGA to investigate the impact of 

different operating parameters on conversion and kinetics.  
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.  

Figure 3.5: View of CHNS Analyser used for the ultimate analysis of coal and biomass 

 

 

 

Figure 3.6: A view of Auto bomb calorimeter (AC-500 Leco) used for the determination of 

calorific value of coal and biomass 
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Figure 3.7: View of digital electronics balance Sartorius 

. 

Figure 3.8: A view of Coal-bagasse blends 85/15(extreme left), 91/9 (mid) and 94/6 (right) 

3.2.2 Methods 

The coal was crushed, ground and segregated in sizes of 710, 500 and 355µm using 

jaw-crusher, mortar grinder and by sieve shaker. Physical appearances of THlig   and CHSB coal 

were observed for the 710, 500 and 355μm sizes as shown in Figure 3.14. The average particle 

size of the milled and dried bagasse samples were measured by sieve analysis. The proximate 

and ultimate analysis as given in Table 3.2 and 3.3 for coal, biomass and coal-baggase blends, 

were performed using TGA-701 and CHN analyser (Tru-Spec micro) analyser, respectively. 
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Each sample prepared in triplicate and analysed using ASTM method (D5142). The CHN 

analyser was operated for blank and standard run between the coal and biomass samples. For 

CHN test, each sample weighing about 10mg was prepared in triplicate and encapsulated in a 

tin foil to shape it into a spherical ball in triplicate. These balls were loaded in feed cartridge of 

CHN for analysis. It took about 4 min to analyse the loaded samples. ASTM (D5373-5060) 

method was used for the determination of Sulphur. Samples weighing 35mg was placed in 

furnace of (Tru-Spec) CHNS analyser.  

Heating value (HHV) of these coals, biomasses and coal-biomass blends were also 

measured using Auto bomb calorimeter (Leco model AC-500). For calorimeter 10 mg of each 

sample were loaded in the bomb and analysed by following the ASTM method D-5496. The 

heating values of coal and biomass samples were also calculated using Dulong’s formula and 

as given in Table 3.3.  

Thermal characterization of coal-biomass blends as fuel for gasification process was 

investigated using TGA in controlled air environment. Coal-bagasse blend samples of various 

proportions were prepared and placed in a ceramic crucible. It was tested by weight changing 

operating parameters like feed composition, heating rate and air flow rate for 

temperatures ranging from ambient to 950°C. The analysis were performed for feed 

compositions (85/15, 91/9 & 94/6), heating rates (Ramp 40, 20, 15°C/min) and air flows of 

3.5 and 5 LPM. ER values were determined as 0.25, 0.30 and 0.35 for weight sample 2.5, 

2.1 and 1.80 gm respectively (Appendix-IV). Air calculations were made as per 

Appendix-1.The conversion performance of these samples under said operating conditions 

was tested. The initial weight & loss in weight with time and temperature were recorded 

continuously during this thermal conversion process of co-fuel. Regression analyses were 

performed to calculate the activation energy.  

3.3 Results and Discussion 

3.3.1 TGA of Selected Coal Resources 

 Figures 3.9 and 3.10 presents the conversion behaviour of various indigenously 

available coal and biomass samples, when subjected to thermal degradation using TGA for a 

temperature change from ambient to 950°C. The thermal conversion of various coals and 

biomasses accomplished in three major events i.e. drying (event-1), de-volatilization 

(event-2) and coke conversion (event-3).  Figure 3.9 indicated that the overall % age 

conversion of CHSB, MASB, 
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and SASB coal remained 87%, 85% and 66.67% respectively, at a maximum temperature of 

950°C. Higher conversion was observed for CHSB coal. However, the conversion was low and 

slower than THlig coal (having 93% conversions) because of its lignite nature, with a poor 

heating value of 13.25 MJ/kg. It is important to note that the higher moisture content (46%) 

present in THlig coal slowed down its reactivity at the initial stage.  

Figure 3.9: Thermal conversion of selected coal samples for temperature change from ambient 

to 950°C. 

 Table 3.2 presented the proximate analysis of four various types of coal. SASB coal 

having an ash content of 33% was found least suitable as a feed stock for co-gasification, 

because excessive amounts of ash can over load and necessitating frequent unloading of CFB 

to maintain the bed inventory. Further, in addition to slowing down of the reactivity, sintering 

of ash may occur at higher temperature due to increasing fraction of biomass in such type of 

coal. MASB coal had a higher heating value (28.56 MJ/kg) and high volatile matter (46.95%) 

with an ash content of 14.42% whereas, CHSB coal with the lowest ash content of 8.3%, highest 

fixed carbon (51%), medium contents of volatile matter (39.8%) and more importantly, a 

reasonably acceptable heating value of 22.20 MJ/kg. In literature review, many of the 

investigators have reported that increasing fraction of carbon in fuels; improve the % yield of 

CH4 and CO2 in product gas (Wei, et al. 2013, Kumabe, et al. 2007, Pan, Velo and Roca, et al. 

2000). 
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3.3.2 TGA of Selected Biomass Resources 

Figure 3.10 illustrates that the highest and the fastest %age conversion (by wt) was 

observed for corncob (97%), followed by bagasse (94%) and rice hull (85%). Moreover, 

conversion of biomasses completed at lower temperature i.e. 750°C. Biomasses contains higher 

fraction of hemi-cellulose and cellulose and coals contains mainly lignin, which is hard to burn. 

Hence the highest conversion was observed for corncob, which contained the higher fraction of 

hemi-cellulose and cellulose and lowest in lignin (Table 3.1), so ease to thermally degrade. The 

increasing contents of hemi-cellulose and cellulose may give rise the formation of CH4 and 

volatiles, which in turn can  enhanced  the formation of combustible gases such as CO, H2, and 

appreciable amount of tar and light traces of higher hydrocarbons (T. Hanaoka, et al. 2005). 

Although the baggase contains higher fraction (81%) of volatile matters, hence a higher peak 

(event-2) was observed, but the presence of higher fraction of lignin (20.7 %) in baggase than 

to corncob (7.4 %) slowdown its reactivity. Whereas, rice hull contains the highest fraction of 

ash (14.3 %) as given in Table 3.2 and also high in lignin (Table-1), so give the lowest 

conversion. 

Figure 3.10: Thermal conversion of selected biomass samples for temperature change from 

atmosphere to 950°C. 

Table 3.2 presents that rice hull had lowest heating value (14.29 MJ/kg) and volatile 

matter (48.21%) but highest in ash contents (14.19%), while the bagasse had the highest HHV 

(17.88 MJ/kg), volatile matter (81.33%) and lowest ash contents (5.35%). Whereas, corncob 
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was found medium in HHV (16.41MJ/kg), volatile matter (60.04%) and ash (6.61%). The 

highest fraction of ash (14.29%) in rice hull increased the possibility of ash sintering in the 

CFBG bed. High ash contents of biomass may leads to the formation of clinker or slugging in 

CFBG as given the literature review Therefore, bagasse with high heat contents & VM with 

low ash contents made an obvious choice of fuel for co-firing, 

Table 3.1: Approximate composition (weight %) of biomass element (db) reported in the 

literature.

Biomass 

Type 

Cellulose 

(%) 

Hemicelluloses 

(%) 

Lignin 

(%) 
Ref. 

Baggase 46.6 25.2 20.7 (Rossell 2006) 

Rice hull 35 19 20 (Yao. 2008) 

Corncob 41.27 46. 0 7.40 

(Wanitwattanarumlug, 

Luengnaruemitc and 

Wongkasemjit 2012) 

It is therefore concluded that the type of coal & biomass selected has a very pronounced 

effect on the conversion process as well as the composition of product gas. The conversion of 

biomasses are higher and faster than coal These findings were also found in good line with 

investigation of researcher (Hussain 2006) who concluded that the thermal decomposition of 

cellulose and lignin in biomasses took place more easily as compared to lignin–like polymer 

structure in sub-bituminous coal. For these reasons, the temperatures at which thermal events 

appear could differ depending on feedstock composition and properties. The results of current 

studies are given in Table 2.3, 3.3, 3.4 and similar findings of various investigators have been 

summarized in Table 3.5. 

3.3.3 TGA of Coal-Biomass Blended Fuel (Feed Stock for Gasification) 

The results of TGA for coal-biomass blends given in Table 3.2 reflects an increase in 

residual mass and fixed carbon accompanied by a decrease in volatile matter, with the 

increasing proportion of coal. This trend was due to high volatile and low fixed carbon contents 

of bagasse. In co gasification process the proportion of biomass has a pronounced impact on 

the product gas composition (Brar, et al. 2012). Similarly, type of coal also affects the co-
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gasification process (Senneca, et al. 1999). Several of the investigators have concluded that 

increasing proportion of biomass in co-gasification increases the H2 contents up to 15% and 

decreases the heating value (Aboyade, et al. 2011). Almost similar decrease in heating value 

with increasing proportion of biomass in the coal baggase blends (94/6, 91/9 and 85/15) were 

observed in this study as given in Table 3.2.  

Table 3.2: Proximate analysis of various indigenous coal  biomass and coal-baggase 

blends 

Sample 
Volatile 

(%) 

Fixed Carbon 

(%) 
Ash (%) 

HHV 

MJ/kg 

CHSB 39.8 51 8.3 22.20 

MASB 46.95 28.56 14.42 28.56 

SASB 35.03 30.48 33.34 19.82 

THLig 22.93 39.25 4.95 13.25 

Bagasse 81.33 12.28 5.35 17.88 

Corncob 60.04 29.85 6.61 16.41 

Rice hull 48.21 31.86 10.31 14.29 

94:06 42.3 48.68 8.12 21.94 
91:09 43.5 47.52 8.03 21.81 
85:15 46.1 45.20 7.86 21.55 

Table 3.3: Ultimate analysis and HHV of various indigenous Coal and Biomass resources 

Sample N 

(%) 

C 

(%) 

H 

(%) 

S 

(%) 

**O 

(%) 

HHV BY 

Dulong, s 

(MJ/kg) 

Bagasse 1.41 43.07 6.6 0.16 43.41 16.22 

Rice hull 1.39 36.45 5.43 4. 82 41.59 13.07 

THLig 0.98 31.90 7.17 0.99 54.01 11.41 

(ar)CHSB 1.41 59.08 5.60 2.79 22.82 24.22 

(ar) SASB 1.57 43.64 3.93 13.12 4.4 20.79 

(ar) MASB 1.56 71.79 6.04 0.77 5.43 31.99 

  **Oxygen by difference *daf     
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Table 3.4: Proximate analysis of various coal and biomass samples carried by others 

investigators for comparison studies   

Sample 
Volatile 

(%) 

Fixed 

Carbon 

(%) 

Ash  

(%) 

HHV 

MJ/kg 
References 

Bagasse 83.2 10.06 6.9 17.06 
(Sonobe and 

Worasuwannarak 2006) 

Bagasse 79.90 18.00 2.20 18.0 (db) (Rodrigues, et al. 2011) 

Corncob 83.5 15.5 1.0 17.9 (Zakaria, et al. 2010) 

Rice hull 68.0 17 15 16.2 (Youssef, et al. 2009) 

PRB Coal 40.83 50.34 8.83 26.60 (Wang, et al. 2012) 

THLig 23.96 40.14 14.28 15.53 
(Sarwar, Khan and Azhar 

2011) 

Thai Low rank 

Coal 
36.68 19.24 25.70 N.R (Rodjeen, et al. 2006) 

Low rank 

Malaysian Coal 
43.0 53.3 3.7 25.2 (Youssef, et al. 2009) 

Medium Rank 

coal 
25.1 68.5 6.4 32.0 

(Youssef, et al. 2009) 

 

Table 3.5: Ultimate analysis and HHV of coal and biomass samples carried by others 

investigators for comparison studies  

Sample 

 

N 

(%) 

C 

(%) 

H 

(%) 

S 

(%) 

**O 

(%) 

HHV BY 

Dulong, s 

(MJ/kg) 

Ref. 

*Lignite 3.88 58.0 11.18 0.68 25.16 14.17 
(Sarwar, Khan and 

Azhar 2011) 

*Sub- bit coal 1.95 72.98 7.01 0.71 17.00 20.50 
(Sarwar, Khan and 

Azhar 2011) 

Sub- bit coal 

 
1.07 75.68 4.43 0.45 18.37 27.11 (Fryda, et al. 2006) 
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Bagasse 0.16 49.86 6.02 0.17 40.19 18.53 (Miles., et al. 1995) 

Corncob 0.64 45.04 5.79 - 48.53 N.R 
(Rodjeen, et al. 

2006) 

Rice hull 0.14 37.85 5.20 0. 61 27.65 N.R 
(Youssef, et al. 

2009) 

 

3.3.4 Factors Affecting Conversion of Coal–Bagasse Blend under Sub-stoichiometric 

conditions 

The extent of conversion for coal biomass blends in series of gasification reactions can 

be obtained by the following equation: 

Conversion (-x) = ( wi-wt)/ (wi-w∞)      (3.1) 

Where wi represents initial weight, wt is the weight at any time, t and w∞ is the residual 

weight of the sample.  

3.3.4.1  Effect of Particle Size Reduction  

 

Figure 3.11: Presented the percentage of ash released against various sizes of selected coal 

samples 
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Figure 3.12: Presented the percentage of Sulphur released against various sizes of selected coal 

samples 

Figure 3.13: Presented the percentage change in heating value of selected coal samples 

against the size reduction 

This increase in heating value for smaller size was due to increase in reactivity of coal 

of smaller particle size. But the decrease in heating value of SA coal was perhaps due to the 

entrainment of high percentage of combustible sulfur in ash (33%) during size reduction. 

Hence, the size reduction of coal particles not only reduced the quantity of ash but also 
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avoided the sintering of bed at high gasification temperature and improved its heating value. 

This is due to the fact that smaller particle diameters have larger surface area per unit mass 

and larger pore sizes, which helps to faster the rates of heat transfer and consequently rate of 

gasification products. These findings are quite in good agreement with the results of others 

(Anthony, et al. 2014, Luo, et al. 2009). Moreover, reduction in coal size is used to keep the 

coal particle sizes approximately equal to those making up the bulk of bed thereby 

maintaining good fluidization characteristics (Kumabe, et al. 2007). 

Size 710um               Size 500um            Size 355 um 

Figure 3.14: A physical appearance of THlig (Top) and CHSB coal (Bottom) for various sizes. 

3.3.4.2 Effect of Heating Rate       

    As depicted in the Figure 3.15 there was a little shift of thermo-grams for heating rates 

of 40, 20 and 15°C/min. Due to non-uniform distribution of heat at higher heating rate, initially 

there was slower conversion (37.49%) than to medium heating rate (20°C /min), for which it 

was as high as 49.82% and lowest (37.16%) for slowest heating rate (15°C /min), corresponding 

to 750°C.. Between this temperature range (0-750°C), moisture and volatiles matters released 

which causes series of chemical reactions. In de-volatilization step the fuel releases CO, CO2, 

H2O and hydrocarbons (i.e. CH4, C2H4, and C2H6) in the product gas. Some of these reactions 

are  endothermic, which  caused  to  slow  down  conversion  at  higher  heating  rate  earlier  

( Hanaoka, et al. 2005). 

Page No. 54



Chapter-3 Characterization of feedstock     

Figure 3.15: Thermo-gram behaviour of coal-biomass blend (91/9) at different heating rate and 

at constant ER=0.30.

However, as it exceeded the said temperature range and attained temperature 750°C -

950°C the heating rate of 40°C/min regained the highest conversion rate i.e. 47% as against the 

conversion of 36.5% & 27.3% for heating rate 20 & 15°C/min respectively. Under these 

operating conditions, 20 ramp rate was found to be optimum with the highest overall 

conversion value i.e. 86% as against 80% and 64% for ramp rates of 40 and 15, respectively. 

As suggested by (Guo and Lua 2000) that between the temperatures 700°C-950°C, a series of 

endothermic reactions between residual char (de-volatilization stage) and oxidant took place 

which resulted in higher yields of CO, CO2 and H2 in the product gas. Higher heating rate 

provided the necessary heat for this conversion. Hence the rate of conversion of blended fuel at 

various heating rates forms the basis of designing a gasification system for the production of 

producer gas using CFBG. 

3.3.4.3 Effect of Blending 

Biomass contains high fraction of oxygen as compared to coal as shown in Table 3.3. The 

higher proportion of oxygen increases the ER value and promotes the partial oxidation or 
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combustion reaction of gasification (Gautam 2010). Ash is another important factor of 

feedstock as it promotes the clinker formation and can cause the problems for the gasifier 

operation due to slugging and consequently ash agglomeration due to fusion of ash at low 

temperature. Biomass having ash-content above 5%, can initiate the clinkering formation. 

Successful gasification with ash-content up to 25% has been reported. 

Figure 3.16: Thermo-gram behaviour for coal, bagasse and coal-bagasse blend at constant 

ramp rate 200C/min and ER value =0.30 

Figures 3.16  depicts that with increase in the fraction of biomass in coal-biomass blends 

(100% coal, 100% bagasse, 94/6, 91/9 & 85/15), the conversion of the feedstock increased due 

to increasing fraction of volatile matters, available oxidant and decreasing ash content. 

However, heating value decreased with increasing fraction of biomass in feedstock as given in 

Table 3.2. Similar trends have been reported by other investigators (Sonobe and 

Worasuwannarak 2006). 

3.3.4.4 Effect of Equivalence Ratio   (ER) 

In gasification process, the amount of air supplied against unit amount of coal determines 

its degree of combustion that causes to increase the combustion zone temperature and provide 

heat for directly heated gasifier. The composition of producer gas is strongly influenced by the 
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air flow and ranks of coal in many ways. It supplies the oxygen for combustion and fluidizing 

media in case of fluidized bed and also affects the residence time and superficial velocity  

( Hanaoka, et al. 2005).  

Figure 3.17: Thermograms behaviour of coal-bagasse blends at ER=0.25 and ramp rate 

20°C/min 

Moreover, air flow rate controls the degree of combustion which in turn, affects the 

conversion temperature. The ratio of actual air and stoichiometric amount of air required for 

unit amount of coal is known as equivalence ratio (ER). Figures 3.17 to 3.19 presents the effect 

of ER values 0.25, 0.30 & 0.35 on conversion of coal-biomass blends 85/15, 91/9 and 94/6 

respectively, for change in temperature from ambient to 950°C while keeping other 

conditions constant. Increasing the air supply increased the ER for fixed amount of feed, 

which in turn improved the conversion process. Steeper conversion was observed for 

coal-bagasse blend (85/15) containing higher fraction of biomass.  

Hence, increasing fraction of biomass in blends increased the conversion due to 

availability of more elemental oxygen from biomass. Many of the researchers have reported the 

increase in gas yield with increase in ER. It implies that an increase in the availability of 
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oxidant faster the conversion. This is in fair agreement with the previous research work of the 

researchers (Narváez, et al. 1996, Rodrigues, et al. 2011). 

Figure 3.18: Thermo-grams behaviour of coal-bagasse blend at ER=0.30 at constant ramp rate 

20°C/min 

Figure 3.19: Thermograms of coal-bagasse blends at ER=0.35 at ramp rate 20°C/min 
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3.3.5 Estimation of Activation Energy 

 To characterize the selected coals, biomasses and coal-bagasse blends thermogravimetric 

data was used to calculate the kinetics of the reaction that occurred during thermal conversion in 

specific conditions. As TGA measured the overall weight loss due to the reaction; hence the 

overall kinetics can be determined. For kinetic calculations following assumptions were made;  

1. Reaction is purely kinetics controlled

2. The conversion process follows the first –order reaction

3. Eliminates the effects of heat transfer due to smaller particle size.

Several methods are available in literature that can be used to calculate the activation 

energy. The fundamental rate equation for heterogeneous solid-state reactions can generally be 

explained by (Sait, et al. 2012):  

( ) ( )d K T f
dt
α α= (3.2) 

Where t is the time K (T) is the temperature dependent rate constant and f (α) described 

the reaction model, a function depending on the actual reaction mechanism, which presents the 

dependence of the reaction rate on the extent of reaction α. Generally well known Arrhenius 

equation is used to explain the temperature dependence of the rate Constant.  

/( ) Ea RTK T Ae−= (3.3) 

/ (1 )d nEa RTAedt
α α−= − (3.4) 

Where A is the frequency factor in (min-1), Ea is the activation energy in KJ.mole-1 for 

the conversion process. R is the universal gas constant (8.314 kJK-1mole -1), T (K) is the 

absolute temperature; n is the order of reaction.  

Data obtained at constant heating rate dT
dt

β = , following equation can be expressed: 

d d dt
dT dt dT
α αβ = = × (3.5) 
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The term d
dT
α  is the non-isothermal reaction rate and substituting Eq. (3.5) into Eq. (3.4) will

result as follow: 

/ (1 )d A nEa RTedT
α α

β
−= − (3.6) 

Rearranging and integrating Eq. (3.6), the following expression can be obtained: 

11 (1 ) /
1 0

n TA Ea RTdTen
α

β

−− − −= ∫
−

(3.7)

Since /Ea RTdTe−∫  has no exact integral, e-Ea/RT can be expressed as an asymptotic series and

its integration with ignoring the higher–order terms gives: 

1 21 (1 ) 2 /1
(1 )

n AR RTT Ea RTen Ea E
α

β

− − −  −  = − −    
(3.8) 

Expressing Eq. (3.8) in logarithmic form result in following equation 

11 (1 ) 2ln ln (1 )
2(1 )

n AR RT Ea
Ea Ea RTnT

α
β

−   − −  = − −  −   
for 1n ≠ (3.9) 

If assuming that 2RT/Ea<< 1 than Eq. (3.9) becomes: 

11 (1 )ln ln
2(1 )

n AR Ea
Ea RTnT

α
β

−   − −  = −  −   
for 1n ≠  (3.10) 

In order to simplify the calculations, the order of the reaction, n is assumed to be unity, and 

hence Eq. (3.10) can be presented as follow 

2

ln(1 )ln ln AR Ea
Ea RTT

α
β

   −
− = −   

   
for n=1 (3.11) 

Above Eq. (3.11) will result in a straight line with slope E/R and an intercept of ln [AR/βEa]. 

This was done by plotting graph between following 
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1 (1 ) 1ln
2(1 )

versus
TnT

α − −
− = 

−  
  For nǂ1    (3.12) 

ln(1 ) 1ln
2

versus
TT

α −
− 
 

   For n=1    (3.13) 

The kinetic parameters have been determined by regression analysis of TGA data. The values 

of α and T obtained from the TG analysis would have been used. Using data from thermo-

grams of a variety of coals, biomasses and coal-biomass blends discussed earlier, the kinetic 

parameter, activation energy (Ea) was estimated. In order to determine the values of the kinetic 

parameters, the integral method is used. The plot of ln(1 ) 1ln
2

versus
TT

α −
− 
 

  for n=1. The 

linear correlation coefficients criterion was used for the best acceptable value of Ea. The orders 

of the reactions were first order for all the operating conditions.  

 

Figure 3.20: Determination of kinetic parameters for different types of coals 

Kinetic analysis has also been performed using the data of thermo-grams shown in 

Figure 3.9 for various Pakistani Coals. The determination of the kinetic parameters for various 

Pakistani coals has been done using Figure 3.20. The kinetic parameters have been reported in 

Table 3.6. It is evident from the data that activation energy for the THlig coal is the lowest 

(14.38 KJ.mole-1), whereas, the highest Ea value (29.41 KJ.mole-1) was estimated for MASB 

coal, the other two coal samples i.e. CHSB and SASB have almost same Ea values (23.83 and 
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23.58kJ.mole-1 respectively). THlig coal is lignite in nature and highest in moisture contents 

(46%), hence it has lowest activation energy (14.38 KJ/mole). CHSB is the second lowest in 

activation energy, because of the highest in volatile matters with reasonable frequency constant 

value. This difference in Ea values was due to the variation in ranks and composition of 

constituent element of coals as given in Table 3.3. 

Using data from the thermo-grams given in Figures 3.15 of the coal blends (91/9) discussed 

earlier, the kinetic parameters, the activation energy (E) and the frequency factor (A), were 

estimated using the Figure 3.21. For all operating environments, the orders of reaction were 

first-order reaction. As the heating rate was increased, the activation energy changed a bit 20.36, 

24.05 and 24.50 KJ/mole for heating rate 40, 20 and 15°C/min respectively, the frequency 

factor was dependent on heating rate, changed progressively from 7.25x102, 1.235x103 and 

1.338x103 min-1 for coal-baggase 91/9 (710 µm particles of coal and 490µm of baggase) as 

reported in Table 3.6.  

 

Figure 3.21: Determination of kinetic parameters by changing with the heating rate for Coal-

bagasse blend 91/9 at ER=0.30. 

This suggested that for specific time of reaction the medium heating rate 20°C/min, the 

easier and faster would be the conversion reaction in sub-stoichiometric environment. So, these 

parameters can be used to predict the time-conversion profiles for the thermal process of 

different heating rates. Similar values of activation energies (Ea) close to this study for coal-

biomass blends in oxidizing conditions have been reported in the literature (Guerrero, et al. 
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2008). Other researchers have reported the Ea values 54.1, 54.8, 55.2 and 55.3KJ/mole for 

heating rate 50C, 100C, 200C & 300C per minute respectively for the pyrolysis of palm solid 

waste (Guo and Lua 2000). Hence, the results of this study also show the similar variation trend 

against the various heating rates for coal bagasse blend for present environment. 

 

Figure 3.22: Determination of kinetic parameters for different feed composition at constant 

ramp rate 20°C/min and at constant ER value 0.30. 

 

Figure 3.23: Determination of kinetic parameters of coal-bagasse blend (91/9) at 

various ER values at constant Ramp rate 20°C/min 

Page No. 63 



Chapter-3  Characterization of feedstock      

Table 3.6: Kinetic parameters of thermo-grams determined at various operating 

conditions. 

Operating Parameter Description Kinetic parameters Constant 

value 

( R2) 
Activation 

Energy 

(Ea) KJ/mole 

Frequency 

Factor 

A-1 (min) 

1.Types of Coal: 

 

MASB  coal 

CHSB  coal 

SASB  coal 

THlig  coal 

29.41 

23.53 

23.83 

14.38 

1230 

948 

1796 

940 

0.928 

0.937 

0.892 

0.667 

2. Heating rate: 

 

i.  40°C/min 

ii. 20°C/min 

iii.15 °C/min 

20.36 

24.05 

24.50 

7.25 e+2 

1.235e+3 

1338e+3 

0.88 

0.92 

0.94 

3.Blended feed: 

 

 

85/15 

91/9 

94/6 

24.28 

25.99 

29.0 

1.909e+3 

1606e+3 

1.418e+3 

0.90 

0.89 

0.88 

4.Equivalence Ratio     

  (ER) 

 

ER=0.25 

ER=0.30 

ER=0.35 

25.50 

24.98 

26.75 

1.604e+3 

1.607e+3 

1.68e+3 

0.935 

0.904 

0.928 

 

Data of the thermo-gram from Figure 3.17 was used to estimate the variation in kinetic 

parameters for the coal-baggase blends (85/15, 91/9 & 94/6). Ea values as determined for these 

blends using figure are presented in Figure 3.23. There was a little variation in Ea values but 

more change in A-1 values for blends 85/15, 91/9 and 94/6, respectively. Increasing fraction of 

baggase proportionally raised the fraction of VM, which may decrease the activation energy. 

However, increased fraction of bagasse in blends increased the frequency factor (A-1), which in 
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turn ease and faster the conversion. These observations were found quite in line with the 

findings of others investigators, who characterized the varieties of coal, biomasses and coal-

biomass blends for pyrolysis process (Annamalai, et al. 2006). 

Data of thermo-gram discussed earlier in Figures 3.17 to 3.19 is used to determine the 

kinetic parameters as shown in Figure 3.23. The figure depicts the corresponding activation 

energy (Ea) against the various oxidizing atmosphere ranging from ER values (0.25, 0.30 and 

0.35). The values determined for the activation energy (Ea), for coal-biomass blend 91/9 were 

25.50KJ/mole, 24.98KJ/mole and 26.75KJ/mole for ER values 0.25, 0.30 and 0.35, 

respectively. Increasing ER, gave rise the highest frequency factor 1.688 x103, however at 

ER=0.30 the value of activation energy was found 24.90 KJ/mole, almost acceptable 

 

3.3.6 Optimum Analysis of Operating Parameters of TGA 

 

 

Figure 3.24: Effect of change in ER and ramp rate on conversion of coal-biomass blend 91/9 

 

The optimum equivalence ratio for co-conversion varies with types and fraction of 

biomass and coal due to the amount of oxygen present in them inherently, as well as the ash 

content. From the above discussion it was concluded that increased fraction of biomass or ER 

value, increased the conversion. Moreover it lowered the density of feed and heat contents 
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feedstock. Another negative impact of increasing fraction of biomass is the choking of the 

gasifier. Results of the above findings were summarized in Figure 3.24. 

 

It depicted that the coal-bagasse blend of weight 91/9 was subjected to various values of 

ER for change in heating rate 20°C and 40°C/min. Overall highest conversion rate was 

observed at ER=0.30 and ramp rate 20°C/min. Perhaps these values were optimum under the 

specified conditions. Similar optimum value of ER (i.e. 0.29) has been reported in the literature 

for biomass gasification (Kumar, Jones and Hanna 2009). 

 

3.4  Summary 

 

This study investigates the effect of physical parameter (size and types) and thermo-

chemical parameters (heating rate, feed composition and equivalence ratio) on the kinetics and 

conversion of coal and bagasse using TGA in controlled air environment. It was investigated 

that overall highest conversion rate (90.2%) exist for coal-bagasse blend 91/9 at ER=0.30 and 

ramp rate 20°C /min, whereas the lowest conversion rate (84.8%).was found at the ramp rate 

40°C/min under similar conditions. Perhaps, these are the optimum operating conditions for the 

co-conversion of coal and bagasse. 

 

Moreover, kinetic model was also applied to estimate Ea and A-1 values under different 

parameters (heating rate, feed composition and equivalence ratio). The values obtained show 

that there is little increase in activation energy and a reasonable increase in frequency factor  

(A-1) with increasing heat rate and ER values, however both Ea and A-1 were increased with 

increasing the weight fraction of bagasse in coal. 

 

Determination of the optimum values for the thermal conversion of low grade coal-

bagasse blends and accurate impact of these parameters on activation energy and frequency 

factor is important to understand the thermal decomposition of this low grade coal, bagasse and 

their blends and to design and operate the laboratory scale co-gasifier. 
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CHAPTER 4 

CIRCULATING FLUIDIZED BED GASIFIER 

 (EXPERIMENTAL WORK-II) 

This chapter deals with the experimental work carried out at the hot model of a 

laboratory scale unit of Circulating Fluidized Bed Gasifier (CFBG). The experimental rig was 

operated under varying operating condition in combustion and gasification mode up to 

maximum temperature 950°C. Following this, hydrodynamics studies were also conducted to 

determine the minimum, maximum and terminal fluidization velocity. Repeated experiments 

were performed at defined operating conditions, as such no major deviation in the behaviour 

of CFBG and composition of producer gas were observed.  

4.1  Circulating Fluidized Bed Gasifier (CFBG) 

Figure 4.1 presented below is the CFBG facility used in this experimental work to investigate 

the various operating parameters that effect the composition of the producer gas using coal 

and bagasse as blended feedstock. 

 

Figure 4.1: A view of CFBG test rig facility 
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Figure 4.2: A Schematic view of the CFBG and other with major components. 

The test rig of circulating fluidized bed gasifier as shown in Figure 4.2 was developed 

and fabricated locally with the financial assistance of Ministry of Science and Technology 

(MoST) government of Pakistan at NFC IET Multan. The CFBG rig was fully automated with 

PLC based control system for the safe operation and accuracy of the results. Standard 

operating procedures were used for start shut down of the rig. During the each run necessary 
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safety measures regarding the operation and equipment were given due considerations to 

avoid any male functioning or accident. 

Figure 4.3 shows the exact position of temperature measuring instrument, L-Leg, 

distribution plate and pressure measuring tape along the riser height of the circulating 

fluidized bed gasifier. 

Figure 4.3: A schematic view of hot model of CFBG rig 
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4.2 Main Components of CFBG Test Rig 

The rig consisted of external heating system, Circulating Fluidized bed (CFB), feed 

hopper, air supply system (Root blower), flow measuring system, product gas cooling 

(cooler), sampling port and PLC based control system. The schematic diagram of the 

experimental rig that provided all the details dimension of each part were shown in Figure 

4.2. 

The CFBG rig was made of SS-316 schedule 80 and comprising of a riser section, a 

stand pipe, cyclone assembly and loop seal. The riser section; cylindrical in shape having 

inner diameter of 80 mm and height 3900 mm. It was made in two sections and flanged 

together. It is one of the most important parts of circulating fluidized bed, where series of 

gasification reaction took place in gasifier. It consists of following parts:  

1. A plenum   2. A distribution plate   3. A long riser   4. Feed chute   5. Peep hole

The specific design calculations for some of major components of CFBG are given in 

Appendix-II, while their assembling and operation arrangements are being shown in 

following figures.  

Figure 4.4: View of rise, cyclone and stand pipe 

A stand pipe of internal diameter 58 mm was provided at the downstream of cyclone 

assembly. L-shape loop seal was provided at the beneath of stand pipe to send back the un-

burnt particles of coal/biomass and fluidizing sand captured by the cyclone assembly. The 
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riser exit was made up of carbon steel with internal diameter 38 mm and basically L-shaped 

as shown in Figure 4.4. Its usual function was to turn the gas-solid flow through 900 into the 

primary cyclone, which in turn separated the solids from the gas. 

4.2.1 Plenum 

 

Figure 4.5: View of Plenum 

 

Figure 4.6: A view of peep hole 
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Plenum used to collect the air from blower and to pass the air equally into the gasifier 

through the nozzles of the distributor plate shown in Figure 4.5. In the said rig it was 

provided at the end of external heater and at the bottom of riser. Air was provided from the 

blower into the plenum through 152 mm diameter pipe fitted at 76 mm diameter of the 

frustum. This plenum was bolted at the extreme bottom of the gasifier to form a leak proof 

space between the distributor plate and the cone. A peep hole was provided to observe the 

flame in the riser as shown in Figure 4.6. 

4.2.2 Distribution Plate 

Air and hot gases from external pre-heater (EPH) conveyed through the plenum to the 

distribution plate. The distribution plate uniformly distributed the fluidizing air in the riser. 

The circular shape of the plenum, distribution plate and riser offers the minimum resistance 

to air flow and as a result increase the homogeneity of fluidizing air. In general homogeneity 

of air increases with decreasing the hole size of the distribution plate however, it lead to 

increase in pressure drop across the riser, so more energy was required to supply the desired 

air flow for the fluidization of solid in the riser. Therefore, this factors was considered while 

designing and selection of distribution plate. There are mainly three types of distribution 

plates (Basu, Prabir 2006).  

Figure 4.7: Bubble cape nozzle supported on grid with triangular and with water cooled 

arrangements 
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1. Porous and straight–hole orifice or Plate type distributor.

2. Nozzle –type or Bubble cap type distributor.

3. Sparger pipe –type.

The nozzle type distributor which is available in many designs such as bubble cape, 

directional nozzle, silt nozzle and simple nozzle are most commonly used in the industry. The 

upright tubes with holes drilled on their sides are the most common type of bubbles used for 

boiler or gasifier and shown in Figure 4.7. It is made of stainless steel; however, it can cast 

into special shape instead of manufacturing. Therefore bubble cape distributor with 12 hole of 

each size 7mm with triangular arrangements supported on the water cooled grid was used in 

these experiments, because of its convenience for use with high temperatures and its 

advantage of reducing the backflow of bed material toward the plenum.  

4.2.3 Gas-Solid Separating System 

Two cyclones made of stainless steel, namely primary cyclone and secondary cyclone 

shown in Figure 4.8 were fabricated. These were connected with each other at 900 with L-

shaped pipe. In fluidization technology cyclones play a pivotal role in separating gas-solids. 

Numerous literatures is available on the separation theories, however the design of cyclone 

still depends on the empirical relationship due to many unknown parameters.  

Figure 4.8: A view of Primary and secondary cyclone 
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The increasing inlet velocity caused to increase in the centrifugal force on the solid particles, 

which in turn separated the solid from the gas stream. This separated air/gas reached at the 

bottom of the cone, an inner vortex generated and flowing back to the centre of cone. So 

gas/air exit the cyclone from the top of the cyclone and solid particles were recycled back to 

the riser through the downcomer or collected in dust bin.  

In order to improve the separation efficiency another cyclone (secondary) was 

connected in series, which was used to collect any remaining solid particles somehow carried 

with the gas-solid stream. The design air velocity in the inlet was taken to be 8 m/s. If 

cyclones separate at this velocity then at higher velocities it should perform better.  

4.2.4 Solids Feeding System 

A mechanical coal hopper of capacity about 10-15 kg/hr having dimensioned 

20x30x200 mm fitted with a DC motor, verm gear, a screw conveyer of constant pitch 

12.5mm and a gravity chute arrangements as shown in Figure 4.9 was used to feed the solid 

materials; coal, coal-biomass blend and fluidizing sand (ρp=710µm) into the riser. To avoid 

the feeder blockage and self-ignition of fuel, a stream of air (3.5– 8 m3/hr through a jet nozzle 

was provided to the feed inlet pipe. Feeding was controlled with PLC control system.  

Figure 4.9: A view of gravity chute and motor driven feeding system for CFBG 

A verm gear of type shown in Figure 4.10 was coupled with DC motor to reduce 

RPM from 1200 to 5-50. Feed flow rate was controlled with variable frequency drive (VFD). 

It could be changed from 0.80 kg/hr to 12 kg/hr for feed size 710µm by varying the regulator 

Page No. 74



Chapter 4      Experimental Work - II 

position. A mechanical agitator was installed at top of hopper to break the bridging formed 

during feeding. A water cooled double pipe jacket was also provided at the downstream of 

the chute to avoid the de-volatilization or self the ignition of coal/biomass blends.  

Figure 4.10: Motor driven Verm gear used to reduce the RPM of screw feeder 

4.2.5 Air supply and flow Measuring System 

Figure   4.11: Root blower assembly 

A root blower shown in Figure 4.11 of capacity 150 m3/hr was used to supply the 

fluidizing air at pressure of 500 mbar. An electrical driven motor of power 5.5 kW with 4155 

RPM and 3-phase was mechanically coupled to drive the blower. Flow rate of the air from 

the blower was controlled by regulating the speed of the motor through inverter.  
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A digital flow meter and assembly of glass rotameters shown in Figures 4.13 and 4.14 were 

installed to measure the air flow rate. The digital flow meter was installed in series between 

blower and rota meter assembly.  

 

 

 Figure 4.12: Jet nozzles for supply of air for gasification and to push the feed in riser of 

CFBG. 

 

 

 Figure 4.13: A view of digital flow meter for air flow measurement 
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Four rotametres R1, R2, R3 and R4 were installed to supply the air to the experimental rig. 

Rotameter (R1) used to supply the primary air to the external heater, R2 to the feed chute and 

R4 for the supply of air to recycle of loop seal. Rotameters R1, R2 and R4 were calibrated for 

air flow 6 to 60m3/hr, 1 to 10 m3/hr and 0.5 to 5m3 /hr at ambient temperature respectively. 

R3 was used to supply the N2 shoot the return leg. An electric heater with 4 element of total 

capacity 2000 kW was installed in the path of loop seal air.  

 

 

Figure 4.14: Rotameters Assembly 

4.2.6   Temperature Measurement  

 

Figure 4.15: View of PLC control system for thermocouple reading 
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Six thermocouples of S-types and two K- type thermocouples were installed on the CFBG rig 

for temperature measurement at various locations as shown in Figure 4.3. S-type 

thermocouples T1–T6 were installed to measure the temperature of riser section. K-type 

thermocouples were installed to measure the temperature of plenum section and stand pipe. 

Reading of all the thermocouples were recorded and displayed on the PLC control panel as 

shown in Figure 4.15.  

4.2.7 Loop Seal 

The non-mechanical valve (loop seal) is crucial for steady state operation of a CFB. 

The non-mechanical valve, which can be a loop-seal or an inclined chute, functions as a gas 

seal to prevent fresh gas from mixing with the flue gas or Syngas, and also functions as a 

valve. It facilitates the flow of solids between the stand pipe and the riser without any 

external mechanical force. Circulating Fluidized Bed gasifiers generally use one of the 

following types of valves.  

1. L- Valve

2. V- Valve

V-Type valve provides very good protection against the gas leakage between riser 

(furnace) and return leg (stand pipe) even it operates at high pressure difference.  

Figure 4.16: A view of L-Type Mechanical Valve.  

Air Supply to  

L-valve through 

Stand pipe of 

Recycle 

V-valve 

Solid drain 
 Supply Chamber for V-valve 

 Rotameter 
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In the said rig provision for both V-valve and L-valve had been made. However, in the 

present study L-valve was used as the recycle chamber of the CFB. A typical loop-seal 

consists of two sections: supply chamber and recycle chamber is shown in Figure 4.16. The 

supply chamber connected directly to the stand pipe of size 57mm schedule 40 and the 

recycle chamber transferred the solids to the riser. In recycle chamber compressed air/N2-

gas/regulated air measured through R4 and R3 was provided to fluidize these solids to move 

up like liquids in the riser. To increase the velocity of air in the recycle chamber, a jet nozzle 

was provided.  

4.2.8 Pre-heating Bed Subsystem 

 A natural gas fired external heater lined with fire bricks and glass wool was installed 

horizontally to the plenum section of the riser assembly shown in Figure 4.17. It was 

cylindrical in shape of the dimension L=915mm and internal diameter 130mm. The outer 

diameter of the shell was 240 mm.  

.  

Figure 4.17: External pre-heater fitted horizontally with plenum of riser and burner control 

system 

 

The flue gases along with primary air entered the riser section of CFBG through the 

distribution plate. These flues were used to raise the temperature and to fluidize the inert 

sand. At this temperature the fluidized bed temperature ensured the coal-bagasse blend self-

ignition and giving start to the autonomy of the combustion and gasification reactions. 

Additional heats required for gasification process was also supplied through this external pre-

heater (EPH).The detail of operating parameters are given in Table 4.1.  

External gas pre-heater Pre-heater burner control panel 
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It took 110 minutes to attain the ignition temperature of sand bed of height 170 mm (1.5 kg of 

sand of density 2400 kg/m3). The minimum fluidization velocity varied with air flow and 

temperature. For the safety of operation a solenoid valve with time delay of two minutes was 

provided in the gas line to ensure complete purging of the system. A separate control panel 

was there for switch on and switch off the control system. 

Table 4.1 Operating parameters of external pre-heater (EPH). 

Air flow 20-40 m3/hr 

Natural gas flow 1.5~2.55 m3/hr 

Heating capacity 25 KW 

Flue gas temperature 600-750°C  

Temperature of bed 500-600°C  

 

4.3  Fluidized Bed Materials 

 
 

Figure 4.18: Coal feed for gasification and inert sand of size 710µm ρ S=2400kg/m3 

Silica sand shown in Figure 4.18 was imported from UK in two sizes 710µm and 

1mm of particle density 2400 and 2000 kg/m3 respectively. Sand of particle size 710μm was 

used as an inert fluidizing bed material in CFBG. For the gasification the blends of bagasse 

and low-grade CHSB coal (Chamalang mine) were used. CHSB coal was received in lumps of 

varying size range 75mm to 10mm. It was crushed and sieved into size of 710μm. Bagasse 

was collected from local sugar mill and its average particle size was taken 490μm. Blended 

Page No. 80 



Chapter 4       Experimental Work - II 

feed of coal-bagasse weight proportion 91/9 and 94/6 charged into the riser through the 

gravity chute screw feeder. The feeder was calibrated for various coal-bagasse blends as 

given in Figure 4.19. 

 

Figure 4.19: Calibration curve for feeder coal and coal-biomass blend used in gasification 

 Initial bed height of inert material in the riser of CFBG was measured 170 mm and 

total inventory of the sand material was maintained 10kg. The analyses of the feedstock used 

are given in Table 4.2. 

Table 4.2: Proximate and Ultimate analysis of CHSB and sugar-cane Bagasse 

Proximate analysis (by wt%) 

Components Bagasse CH coal 

Fixed carbon 12. 28 51 

Volatile matter 81. 33 39. 8 

Moisture 1. 03 0.. 9 

Ash 5. 35 8. 3 
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Ultimate analysis (by wt %) 

Carbon 43. 07 59. 08 

Hydrogen 6. 6 5. 60 

Oxygen 43. 41 22. 82 

Sulphur 0. 16 2. 79 

Nitrogen 1. 41 1. 409 

HHV MJ/kg 17. 88 22. 20 

4.4  Pressure Measurement in the Riser Section 

In CFB solids flow behaviour was observed for a range of different primary, 

secondary and loop-seal airflow rates and determine the range of stable operating conditions 

outside which the solid flow is either highly unsteady or there is no solids circulation at all. 

 

Figure 4.20: A view of pressure measuring arrangements of CFB riser section.  
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In this experiment, the rig was operated in cold mode up to maximum primary, secondary, 

and loop-seal airflow rates of 48m3/hr, 5m3/hr and 1.6m3/hr respectively.  

Figure 4.21: Hydrodynamics of CFB indicating the impact of air flow on bed pressure 

The sand bed of height 170mm was fluidized against the various air flow rates. The 

pressure drop over the CFB riser section was measured using u-tube manometer through the 

pressure tap located at just top of distribution plate. It measured the pressure across the bed. 

The typical pressure measuring arrangements used in CFB rig is as given below in Figure 

4.21. The measured pressure against the various air flow rates for certain time duration shown 

in Figure 4.20. The detailed hydrodynamics calculations to estimate the minimum and 

maximum air flow for various particles size are given in Appendix-I. 

4.5 Product gas Cooling and sampling 

Samples of the product gases were collected in sampling balloon. Prior to collecting 

the sample of produced gases, exhaust gases were cooled down to a temperature of 70°C -

60°C by passing the gases of CFB gasifier to a double pipe heat exchanger (cooler), which 

was installed in horizontal position at the exhaust of CFB and shown as Figure 4.22.  

The collected samples of stack gases were injected through auto sampler into injection 

port of the GC for analysis. Different samples of the product gases were collected and 

analysed by varying the operation condition of the CFB gasifier and observed the influencing 
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factors on the composition of the product gas. The design data of the double pipe heat 

exchanger tabulated in Table-4.3. 

 

Table 4.3: Design data of gas cooler 

Length of outer pipe  4.877m 

Length of inner pipe 5.486m 

Dia. of outer pipe 57.15mm 

Dia. of inner pipe 38.1mm 

Cold water flow rate 2500~3000 LPM 

.  

 

Figure 4.22: Double pipe gas-cooler and sampling point of product gas installed at the 

exhaust of the CFBG.  

4.6 Gas sampling using Gas Chromatography (GC) 

GC analysis separates all of the components in a sample and provides a representative 

spectral output. The collected samples in balloons at different operating condition of CFB 

Producer gas sampling 

 

 Ambient Water inlet 
Hot Water 

 

Exhaust 
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were injected into the injection port of the GC device through an auto sampler. The GC 

instrument vaporized the sample and then separated and analysed the various components. 

Each component ideally produced a specific spectral peak that was recorded on an 

electronically or paper chart. The time elapsed between injection and elution called the 

"retention time.” The retention time can help to differentiate between some compounds. The 

size of the peaks was proportional to the quantity of the corresponding substances in the 

specimen analysed. The peak was measured from the baseline to the tip of the peak as shown 

in Figure 4.23.  

 

Figure 4.23: GC peaks on TCD channels 

The emission of five fixed gases (nitrogen, carbon monoxide, carbon dioxide, oxygen 

and methane) was analysed using a Perkin Elmer Calrus 580 with PPC Gas Chromatograph 

(GC) equipped with three channel – dual thermal conductivity detector and flame ionization 

detector (TCD/FID) shown in Figure 4.24. After a small equilibration time of five seconds to 

allow standard/sample through the tubing and sample loop, the GC started, that used a basic 

program to run the system. The GC was calibrated using a beta standard specification gas 

mixture made up by Perkin Elmer Once the GC system has started; time-programmed relays 

were used to equilibrate the sample loop prior to injection and also to open the 2-position 

valve which allowed the sample loop to enter the carrier gas stream. Constituents are 

separated due to each compound’s unique size and diffusion characteristics. The TCD 

measured the difference in thermal conductance between the carrier gas and the sample 

analytes.  Successful separation of such a complex gas mixture was often difficult using a 

Page No. 85 



Chapter 4      Experimental Work - II 

single-channel GC system. 

Three parallel channel analyses allow a separation problem to be divided into three 

sections. Each channel can optimize a particular part of the separation. To achieve full-range 

capability for hydrogen, an additional TCD with nitrogen as a carrier was installed in the 

system.  

Figure 4.24: Perkins Elmer GC- RGA 117 model calrus 580 used for producer gas analysis 

4.7 Operation of CFBG 

 Figure 4.25: Pre-heating view of CFBG 
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The CFB gasifier used in the current studies was specially designed for operation under 

atmospheric conditions. Sand bed temperature was increased up to ignition temperature of 

coal (425°C to 550°C) using the allothermal energy from external pre heater (EPH). It took 

100 to 120 minutes to attain the desired temperature. Temperature profile along the riser 

height was shown in Figure 4.25. Glass fibre insulation was used to counter the heat loss 

from the reactor and external pre-heater. The flue gases of the external heater were also used 

to maintain the required superficial velocity of the solid particles. For this air flow rate was 

varied from 20-40 m3/hr. Initially the sand bed was operated in bubbling mode by varying the 

air flow rate. As soon as the bed attained the ignition temperature, turned on the coal feeder 

and minimize the natural gas flow to the EPH. The flue gases of the EPH provided the 

makeup energy for endothermic reactions of gasification process  

The feed rate from the screw feeder and air flow from the root blower was adjusted by 

changing the rotational speed (RPM) of the driving motor through VFD installed in PLC 

based control panel. It is very important to identify the flow behaviour of the feeder as it can 

greatly affect the determination of stoichiometric air requirement for combustion and 

gasification experiments. The stoichiometric air requirements for the natural gas, coal and 

coal-bagasse blends have been given in Appendix–III.  

 

Figure 4.26: Air Flow and Natural Gas flow pattern for preheating of CFB riser. 

The temperature data along the riser heights was continuously recorded using S-type 

thermocouple at a regular interval. The test was allowed to operate in full combustion mode 
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for 60-90 minutes until it attained set point between 700°C -950°C and stabilized. After 

stabilizing the system in combustion mode, the flow rate of primary air to EPH was reduced 

and N2 flow rate was increased to change from combustion to gasification mode. 

The individual effects of the main parameters governing the produced gas quality, 

varying the feed (91/9, 94/6), varying the temperature (700°C to 950°C) and varying the 

equivalence ratio (ER) (0.24 to 0.38) were determined and tabulated. The product gas was 

sent to a double pipe water cooler to separate the condensed and un-condensed tars and 

steam.  

Sampling gas bags were employed to collect the product gas, just leaving the cooler 

for off line gas analysis. A GC calibration was performed using a certified standard gas prior 

to each test. 

4.8 Experimental Uncertainties 

1. Prior to the development of CFBG test rig, a cold model plant of the CFB shown in

Figure 4.27, which is geometrically similar to the CFB gasification plant, designed

and fabricated. In cold model 12 segment (each length 3048 mm and internal diameter

101mm) made of plexi glass were connected with each other and constituted a total

height 3850mm. These segments were assembled with each other with engraved

flanges and tightened with steel bolts. The system was operated for various air flow

rate (Qpr) i.e. 15m3/hr to 200m3/hr to attained the desire velocity range 0.5 m/see to

8m/see. To reduce the air flow the internal diameter of hot model of CFB was reduce

to 84mm. and length was little extend to 3900mm.

2. To attain the ignition temperature and then to start combustion inside the riser of

CFB, remained a challenging experience. Several attempts were made to ignite coal

using LPG burner, which was provided through plenum in the water cold distribution

plate, but most of the time it remained unsafe, as it was flamed manually through a

small hole provided on the riser just above the distribution plate shown in Figure 4.28,

accordingly LPG gas burner nozzle was replaced with an external gas fired heater as

shown in Figure 4.1.

3. Supply of excessive nitrogen through L-leg cause to drastic reduction in the

temperature of the fluidizing bed and most of the time it hampered to lit off the partial 

combustion of the fuel and in the end stop the gasification/combustion process. 
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4. Pre heating the sand bed with external gas heater, leads to wet/ block the coal feeding 

chute and stand pipe. To overcome the said difficulties, a screw feeder with gravity 

chute arrangements fitted with air jet nozzle was   provided.  

 

  

Figure 4.27: A view of Cold model of CFB 
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4.9 Summary 

This chapter described the details of the experimental test rig that was used in the 

present study. A circulating fluidized bed type gasifier was used to investigate the effect of 

operating parameters such as feed composition, temperature and equivalence ratio on the 

composition of the product gas.  Its systematic and operational arrangements were discussed 

in detail; however few of the design calculation were also included in the appendices - I & II. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

In this chapter experimental results obtained while running the CFB gasifier under 

various operating conditions are discussed. These operating conditions include the operating 

temperature, equivalence ratio and feed composition. The effect of these operating conditions 

on the composition of producer gas and gasifier were observed and analysed in detail.  

5.1 Factors Affecting Coal –Biomass blends Gasification in CFBG 

This section discusses different operating factors that affect the producer gas 

composition. The variable parameters that were studied during the experiments are feed 

composition, ER and temperature; 

5.1.1 Effect of Temperature on Producer gas 

Gasification temperature has to be controlled in order to accomplish high conversion 

of coal-biomass blend as well as a low tar content and cracking of other hydrocarbons. 

Gasification temperatures must reach at least, up to 800°C. Inappropriate reaction 

temperatures can not only increase the quantity of tar generated, but this can also impact the 

composition of producer gas. Higher hydrocarbon including tar components are formed at 

temperatures below 800°C; also, benzene and naphthalene composition increased with the 

temperature (Basu, Prabir 2010).  

The temperature in the gasifier varied with the amount of air or feed (coal-bagasse 

blend) charged to the gasifier. Varying ER or temperature has the same effect on producer 

gas composition. In all thermal conversion processes (pyrolysis, gasification and combustion) 

the reaction temperature served a very important parameter as it affects the reaction rate, 

composition and the amount of producer gas. The temperature profile along the CFB height 

has great influence on the composition of the product gases due to the change in chemistry of 

the reactions given in reactions from 2.1 to 2.7 as discussed in literature review. Most of 

these reactions have been reported as exothermic and few of them as endothermic. 

Accordingly, due to combustion reactions, there was simultaneous increase in bed 

temperature and fluidization velocity as shown in Figures 5.3. The rise in temperature of the 
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CFBG at fixed ER values was found in line with the observation of other researchers who 

reported similar results for rice husk gasification in CFGB (McKendry 2002).  

 

Figure 5.1: The temperature profile of the gasifier at fixed ER= 0.30 

Figure 5.1 shows that the temperature distribution within the dense bed zone (T2, 

T3&T4) is more uniform than that in the upper section of the riser (T5 and T6). This was due 

to the better solid and gas mixing in the fluidized bed. The temperature along the riser height 

decreased gradually towards the gasifier outlet, as most of the homogeneous reactions 

including tar cracking took place in this zone (T5). The temperature difference between the 

bed (T3) and the gasifier outlet (T6) (i.e. at the outlet of first cyclone) remained in the range 

of 350°C -550°C.  

The influence of temperature profile on producer gas composition at fixed ER=0.30 

for a coal biomass blend (91/9) is illustrated in Figure 5.2. The temperature of the gasifier 

varied from 7500C to 875°C. In this temperature range, a series of heterogeneous and 

homogeneous reactions took place and the gas composition obtained showed that up to the 

temperature 750°C to 820°C the H2/CO molar ratio decreased from 0.82 to 0.77 but after this, 

H2/CO ratio began to increased and gained the values of 0.81 and 0.87 for temperatures of 

850°C and 875°C respectively. Conversely, the molar ratio CO/CO2 increased from 0.57 to 

0.67 with temperature variation (750°C-820°C), however a further increase in the 
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temperature (>820°C to 875°C ), decreased the CO/CO2 ratio and attained the fraction value 

0.65 and 0.62 respectively. These trends may be explained as follow: 

• For the endothermic reactions i.e. water gas, Boudouard and Methane reforming, the

products are favoured by increase temperature resulting in higher concentrations of CO and 

H2 and decreased concentration of CO2. This trend is exhibited up to 820°C. Since thermal 

cracking of char, tar and other higher hydrocarbons is favoured at this temperature, the 

concentration of CO and H2 in the product gas is further increased. The decreasing trend in 

molar ration of H2/CO was due to fact that the conditions are more favourable for reduction 

reaction of char (Boudouard and water gas) to produce more CO and little H2. 

Figure 5.2: Effect of temperature on the composition of producer gas at fixed ER 

• In the upper section of the rise (T5&T6), the temperature dropped to 350°C -450°C as

shown in Figure 5.1. The most of the homogeneous reactions took place in the free board area 

(initiated at T4) to exit of the riser (T6). The high temperature of the fluidizing bed (850-

875°C) found most favourable for methane reforming (endothermic) reaction to shift the 

equilibrium from reactants to products and hence increased the H2 concentration and 

decreased CH4 in the product gas. Similar to this, impact of temperature on H2 yield in 

product gas have been reported by other researchers (Franco, et al. 2003). Whereas, the lower 

temperature in the upper section of the rise shifted the equilibrium of the water gas shift 

reaction (exothermic) from reactants to products by consuming CO and generating CO2 and 

H2 in the product gas.  Further decrease in CH4 concentration was due to the oxidation of 
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methane (2.8) that is also supported by low temperature zone. Similar findings were reported 

in the literature by many investigators (Wan Ab Karim Ghani, et al. 2009). 

Therefore, increase in the concentration of CO, H2 and CO2 while decrease in that of 

CH4 was observed. However, the diluting effect of N2, H2O vapours and CO2 from flue gases 

of external-heater and N2 from air, have decreased the volume fraction of CO, H2 and CH4 in 

the final product gas.  

Table 5.1: Composition of the Producer gas for coal-bagasse blend (91/9)  at different 
temperatures. 

 

Case (91/9) ER=0.30 1 2 3 4 5 

Coal: Bagasse (91/9) kg/hr 3. 64 3. 64 3. 64 3. 64 3. 64 

Pressure Atmospheric Sand bed height 170 mm 

Avg. Bed 
Temperature (T3+T4) 

°C 750 800 820 850 875 

Air m3/hr 6 

Air flow in EPH m3/hr 25 25 25 25 25 

Natural gas flow m3/hr 1.5 

Measured dry(vol.) Gas composition molar fraction 

H2 % 7. 7 7. 9 8. 1 8. 4 8. 63 

CO % 9. 3 9. 9 10. 45 10. 25 9. 84 

CO2 % 16. 2 15. 8 15. 2 15. 64 15. 76 

CH4 % 3. 4 3. 1 2. 8 2. 1 1. 8 

N2 % 63. 4 63. 3 63. 45 63. 61 63. 97 

H2/CO Ratio 0. 82 0. 79 0. 77 0. 81 0. 87 

CO/CO2 Ratio 0. 57 0. 62 0. 6875 0. 65 0. 62 

5.1.2 Effect of ER 

 Results shown in Figures5.3 and 5.4 indicates that increasing ER from 0.24 to 0.38, the 

velocity of fluidized particles increased from 5.5 to 8.6m/s and corresponding temperature 
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also increased from 790°C to 942°C. Further increase in ER also changed the position of 

temperature in fluidized bed as shown in Figure5.5. The change in position of temperature in 

fluidized bed can also effect the product gas composition. Therefore, control of reaction 

temperature by regulating ER values suggests that ER can be considered as one of the 

advantageous parameter of CFBG. These experimental observations about the temperature 

change with increasing ER values were found in fair agreement with a similar work of another 

researcher (Qixiang 2013). Figure5.6 displayed the effect of ER, on the fractional components 

of producer gas (i.e. H2, CO, CO2 and CH4) and holding other conditions constant like feed 

rate and feed composition. The change in composition of the producer gas with ER and 

temperature may be explained as: 

 

Figure 5.3: Impact of increasing ERs value on the fluidization velocity of bed material (initial 

bed height 170mm, feed rate 3.11 kg/hr). 

•  It can be seen that the product gas composition seems to be affected by the two 

differing factors of ER i.e. temperature and increasing fraction of oxidant. Therefore, high 

ERs implied more oxygen entering the gasifier for the oxidation reactions of heterogeneous 

(Eq. 2.1 & Eq. 2.2) and homogeneous phases (Eq. 2.6) which resulted to higher increase in 

concentration of CO2 and lesser increase in CO. Besides this all these reactions are 

exothermic in nature hence, increased the bed temperature as shown in Figure 5.4. A similar 

increase in bed temperature from 948°C  to 1026°C with increasing ER value (0.31-0.47) has 

been reported in the research work of others (Kezhong, Rong and Jicheng 2009). Although, 
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increasing ER dilutes the energy contents of the producer gas due to increasing fraction of  N2 

in the product gas 

• Moreover, a decrease in CH4 concentration was observed with increasing ER. This

decreased in CH4 concentration was perhaps; due to the combustion reaction of homogeneous 

phase (Eq. 2.8), which contributed also to increase the fraction of CO2 in producer gas. 

Results of current study were also found in fair agreement with the other findings (Qixiang 

2013), who also reported a decrease in CH4 molar concentration and other higher hydrocarbon 

for increasing ER value.  

Figure 5.4: Impact of change in ER’s value on the temperature profile of the CFB gasifier at 

constant feed rate (3.11 kg/hr). 

• Between the  ER value (0.24-0.28 ) the average bed temperature changed from 792°C 

to 879°C, these conditions looked to be favourable for cracking of higher hydrocarbons, tar 

and endothermic reactions, such as water gas, Boudouard and Methane reforming (Eq. 2.3, 

Eq. 2.4 and Eq. 2.10) respectively, which in turn enhanced the molar fraction of H2 and CO in 

the product gas  

• However, for ER >0.30, the concentration of H2 decreased due to consumption of H2

in oxidation of volatile product (Eq. 2.7) and shifting of equilibrium of WGS reaction (Eq. 

2.9) from product to reactants, which consumed H2 and CO2, therefore net decrease in H2 
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concentration. However, little decrease in CO2 (due to WGS reaction) remained unaccounted 

for owing to the continuous supply of external flue gases.  

• First increase then decrease in contents of CO with temperature indicated that both of

the reactions Boudouard (Eq. 2.4) and WGS (Eq. 2.9) took place simultaneously in the 

process. 

Figure  5.5: Impact of increasing ERs value on the temperature of fluidized bed (T3) and free 

board temperature (T4) other conditions constant 

Figure 5.6: Effect of increase in ER on composition of producer gas. 
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As mentioned earlier, low composition of combustible gases in product gases were due to the 

diluting effects of N2 and CO2 with increasing ER and N2 from the flue gases of external 

heater, as well as high temperature. These results were found in fair agreement with the result 

published by other researchers (Wang, et al. 2012, Pfeifer, Koppatz and Hofbauer 2011, Seo, 

et al. 2010).  

5.1.3 Effect of Feed Composition 

Figures 5.7 and 5.8 presents the tests results of varying feed composition of two coal 

biomass blends 91/9 and 94/6 (by weight) and subsequently their effects on the composition 

of product gas at various temperatures. 

Figure 5.7: Effect of change in feed composition and ER on temperature profile of gasifier. 

Figure 5.7 shows that the rate of increase of bed temperature for coal: biomass blend 

(91/9) was higher as compared to coal-biomass (94/6) blend. Increasing proportion of biomass 

in coal increased the availability of excess oxidant as shown in Table 3.3, which in turn 

increased the partial combustion reactions (Eq. 2.1 &Eq. 2.5) of hetero and homo phases of 

the gasification process, which resulted to increase more rapidly inside temperature of the 

gasifier. 
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 The faster rise in temperature for coal-biomass blend 91/9 was also found in our studies while 

studying the fuel characterization that increasing proportion of biomass increased the 

conversion rate. Moreover, increased temperature provided the necessary energy for 

endothermic reactions of gasification process. However as the time elapsed, there was high 

rise in temperature for coal-bagasse blend 94/6, due to the presence of larger carbon contents 

of the feedstock. 

Figure 5.8: Effect of feed composition on the molar ratio of H2/CO & CO/CO2 for various 

feed composition 91/9 and 94/6 at fixed ER=0.30 

Figure 5.8 illustrated that decreasing the proportion of biomass in coal increased the 

molar ratio of H2/CO (0.53-0.74) and (0.66-0.78) for coal-biomass blends 94/6 and 91/9 

respectively. It reflected that the concentration of H2 decreased with decreasing proportion of 

biomass in feed stock. Conversely, a decrease in molar ratio of CO/CO2 was higher (0.86-

0.58) for coal-biomass blend 94/6 than to coal-biomass blend 91/9 (0.92-0.78). High decrease 

in the molar ratio of CO/CO2 for coal-biomass blend 94/6 was due to higher percentage of 

carbon in coal, which increased the molar fraction of CO2 in the product gas because of the 

series of reaction as given in Eq. 2.2, Eq. 2.6 and Eq. 2.8. Moreover, high temperature always 

favoured the cracking of higher hydrocarbons that also contributed to increase the 
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concentration of CO2.in the product gas. The results obtained were fairly in agreement with 

previous studies (Kumabe, et al. 2007, Velez, et al. 2009). Coal-biomass blend 91/9 produced 

the higher concentration (3.4-1.2 vol %) of CH4 than coal-biomass blend 94/6 (2.73-0.84 

vol %) due to the increasing fraction of volatile maters in feed stock. 

5.2 Summary 

Investigation of parameters affecting the formation of producer gas using coal and bagasse as 

feedstock of CFB gasifier have been done and  findings of the  study can be  summarized as 

follow: 

1. The composition of the producer was strongly dependent on the bed temperature. The

low temperature although favoured the exothermic reaction and resulted to increase in

molar fraction of CO and CO2 in the final product but with higher fraction of methane

and other hydrocarbon. While the high temperature increased the molar fraction of H2

due to thermal cracking of tar and other hydrocarbon, moreover high temperature

favoured the endothermic reaction of the process.

2. Increasing ERs value not only enhanced the temperature and superficial velocity of

particle but also caused to increase the fraction of CO2 and N2 in the producer gas and

decrease in CO and CH4. However, increase in H2 and CO was observed at low ER

value.

3. Increasing the proportion of coal in feed stock, increased the molar fraction of CO2,

because of coal, containing higher %age of carbon contents as compared to bagasse.

However, the concentration of CH4 decreased due to decreasing fraction of volatile

matters in blended feedstock, as biomasses contained more volatiles than to low rank

coal.
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CHAPTER 6 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

6.1   Conclusion 

Apart from reduction of the negative impact of CO2 emission, the co-gasification of coal -

bagasse blend is an efficient utilization of renewable energy resources. The present study has 

focused not only on the physical and thermo-chemical characterization of a variety of 

indigenously available low–grade coals and biomass (agricultural waste) resources using 

thermogravimetric technique (Experimental work-I) but also conducted experimental work on 

CFBG at laboratory scale to investigate the impact of operating parameters on the composition of 

product gas (Experimental work-II).  

In physical characterization, effect of size reduction for various ranks of coals ranging 

from lignite to sub-bituminous was studied and observed that the percentage of ash and sulfur 

removal increased with size reduction. Additionally, the size reduction improved the HHV values 

for all three type of coal apart from to the Salt range coal. Perhaps this was due to the 

entrainment of sulfur with high fraction of ash (33%).  

In thermo-chemical study, effect of heating rate, equivalence ratio and feed composition 

were investigated using TGA under specific environment for temperature up to 950°C. The 

impact of these parameters on percentage conversion and kinetics against time and temperature 

were investigated and compared with similar findings of the other researchers. The proximate, 

ultimate and heating values were also measured and compared with similar finding of other 

researchers. The percentage conversion of CHSB coal-bagasse blend 91/9 by weight, at heating 

rate 20°C /min and an ER value of 0.30 was found optimum as compared to blends of 85/15 and 

94/6 at heating rates of 40 and 15°C/min with ER value 0.25 and 0.35 respectively.  

A lab-scale Circulating Fluidized Bed Gasifier (CFBG) was successfully designed, 

fabricated and operated for stable gasification using low-grade CHSB coal and bagasse blends. 

Related accessories such as feeder, inlet air flow monitoring system, solids separators, 

distribution plate, gas cooler and an allothermal system were also installed to enhance gasifier 

performance. The gasifier was successfully tested with coal-bagasse blends (91/9 and 94/6) at 
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various conditions and stable producer gas was produced. The study of operational parameters of 

gasification showed that the composition of the product gas and temperature profile of the 

gasifier was both strongly influenced by the ER values. Increasing ERs value not only enhanced 

the temperature and superficial velocity of particle but also caused to increase the fraction of CO2 

and N2 in the producer gas and decrease in CO and CH4. However, lower temperature favours the 

H2 and CO formation in the product gas at low ER value. 

Increasing the proportion of coal in feed stock, increased the molar fraction of CO2, 

because of coal, containing higher %age of carbon contents as compared to bagasse. However, the 

concentration of CH4 decreased due to decreasing fraction of volatile matters in blended 

feedstock, as biomasses contained more volatiles than to low rank coal.

The composition of the producer was strongly dependent on the bed temperature. The low 

temperature although favoured the exothermic reaction and resulted to increase in molar fraction 

of CO and CO2 in the final product but with higher fraction of methane and other hydrocarbon. 

While the high temperature increased the molar fraction of H2 due to thermal cracking of tar and 

other hydrocarbon, moreover high temperature favoured the endothermic reaction of the process. 

6.2    Future Suggestions 

 The gasifier produces a product gas with lower combustible contents with high CO2 and

inert gas (N2) under the current operational constraints. There is a room to improve the

heating value by recycling part of the product gas to the distribution plate.

 Another area that needs to be further investigated is the role of inert gas (CO2) and

moisture contents of the burned natural gas on gasification process. 

 Using auto-therm energy of external gas fired heater optimal operational conditions both

in terms of energy efficiency and gas quality needs to be identified.

 A potential problem while preheating the fluidizing inert material up to ignition

temperature of coal is the condensation of moisture contents of flue gases in the gravity

chute pipe of screw feeder which resulted the blockage of the chute and sometime screw

feeder. This is an issue that has to be considered and solved.

 Fine dust particles and tar contained in the gas can rapidly decrease the life of the gas

cooler; therefore some mechanism needs to be designed for effective gas cleaning.
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 One of the problems encountered during the operation of the current gasifier was the 

manual adjustment of coal feeder and air blower by PLC. A ratio controller is suggested 

for the smooth operation of the gasifier.  

 To study the hydrodynamics of CFBG, pressure taps should be provided at equal interval 

along the riser height. It will help to understand the fluidizing behaviour of the fluidized 

bed along the height during ignition stage as well as during gasification. Moreover gas 

sampling can also be done along the riser height for the deep insight of the co-gasification 

reactions.  

 The last foreseen activity concerns the improvement of the small scale CFB gasifier. For 

this purpose, an important issue is the changing of the reactor heating system. For 

example part of the produced gas can be burned for the reactor heating instead of natural 

gas. This is a compulsory step because the system must be independent from the external 

energy both for the small scale applications and for the scaling up of the plant.  
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Appendix-I 

 CALCULATION FOR CFB MODEL FOR FLUIDISATION PARAMETERS 

1. Hydrodynamics of  CFB

During the experimental work the data used and gathered involved for the calculation 

for the minimum fluidisation velocity (Umf,), terminal velocity (Ut) and the transport velocity 

(Utr). Calculations were done for coal particles size 355μm, 500μm and 710μm 

(ρp=680,700,710 kg/m3 respectively) and for fluidizing sand the density was taken 

(ρs=2400kg/m3) of particle size 710μm and bed diameter 0.080 m.  

Operating room temperature=27°C 

Air density ρair = 1.16kg/m3, Air viscosity μair = 1.84 x 10-5 

C1=27. 2 C2=0. 0408 

As Reynolds number = 
0.52

1 2 1ArC C C − − 
   . (1)  

And Ar = Archimedes Number which is given by  

3

2

( ) pg p air
r

air

gdA
ρ ρ ρ

µ
−

= (2) 

Rem
air

p mf

air

d u
N ρ

µ= (3) 

Rem air
mf

p air

NU d
µ
ρ= (4) 

0.666

7.5
air

air

dpUtAr ρ
µ

  =  
(5)

Using the empirical relation developed by (Perales, et al. 1991) to determination of Transport 

velocity of the particles in the riser.  

( )
0.4841.45 rtr

pg

U A
d

µ

ρ
= ×

×
(6) 
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Material dp(m) Ar (eq.2) NRem (eq.3) 
Umf (eq. 4)

(m/s) 

Ut (eq.5) 

(m/s) 
Utr(eq-6) 

Coal 0. 000355 1109.900 0.82006 0.0366492 1.245947 2.392 

Coal 0. 000500 2975.135 2.14664 0.0681004 1.705903 2.2077 

Coal 0. 000710 8398.490 5.70134 0.127373 2.397887 2.569 

Sand 0. 000710 28828.68 16.57271 0.37025 5.451976 5.667 

dp= particle diameter, Ar= Archimedes Number, Umf= Minimum fluidization 

Ut= Terminal velocity 

So Utr> Ut for all coal particles sizes) 

Calculation of Air Flow Rate for minimum and terminal velocity 

Area of the riser section=πxdp2/4= 3.144*(0. 08)2 /4=0. 0081135 m2 

Sr. # 
Particle 

dia. (m) 

Umf. 

(m/sec.) 

Volumetric flow 

rate at Umf. 

(m3/hr.) 

Uter

(m/sec.) 

Volumetric flow rate 

at terminal 

velocity(Uter) 

(m3/hr) 

Coal 0.000355 0.03664195 0.663565267 1.929375978 34.93991852 

Coal 0.00050 0.068100423 1.233260521 2.20767454 39.97974963 

Coal 0.000710 0.127373384 2.306660662 2.569111024 46.52516194 

Sand 0.000710 0.37024995 6.705019253 4.666858816 84.51419972 

Calculation of Transition from bubbling to fast bed: 
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2.24.7

0.5
2.25

2 ( 1)
[ ]

6.81 10

c pch
t

c
g

gDU U
ρε

ε ρ

− −
= +

×
 (7)  

 and Circulation rate is ; 

( )(1 )s ch t c pG U U ρε= − −  (8) 

 Valid for Bed D < 0.3 m 

Where Gs = solid circulation rate 

εs = Void age (free area for a particle) at choking 

Ut = Terminal velocity m/sec 

ρp=Density of particles (coal, sand) 

ρair= Density of air 

deq = Equivalent diameter of the bed for spherical particles 

Now the Terminal velocity Ut can be calculated by: 

Stoke’s law 0<Re<0. 4 

18
p tg rd U A
µ

ρ  
=  
 

  (9) 

Intermediate law 0. 4<Re>500 

0.666

7.5
p tgr

air

d UA ρ
µ

 
= 

 
(10) 

Newton Law Re>5000 

0.5

0.3
p tgr

air

d UA ρ
µ

 
= 

 
(11) 

From equation 6; 

Particle size 355µm: 
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0.54.7 2.2

5 2.2

2 9.81 0.1016 ( 1) 1600
1.4273

6.81 1.1610
ch c

c

U ε
ε

−   × × × − ×
= +   

× ×          
(12) 

Particle size 500µm; 

0.54.7 2.2

5 2.2

2 9.81 0.1016( 1) 1600
2.8152

6.81 1.1610
ch c

c

U ε
ε

−   × × − ×
= +   

× ×     

   (13) 

Particles sizes 710µm; 

0.54.7 2.2

5 2.2

2 9.81 0.1016( 1) 2000
4.6000

6.81 1.1610
ch c

c

U ε
ε

−   × × − ×
= +   

× ×        
(14) 

Rearranging equation -11, 12 & 13 and solve these equation for different value of ε and draw 

the line between Uch and Voidage  

4.7 0.54..86( 1)ch
t c

c

U U εε
− 

= + − 
  

             (15) 

Solving equation -7. For different particle size and using their respective terminal velocity 

(Uter) in the below equation.  

 

       ( )1s
ch c t

p

GU Uερ
 
 = ÷ − +
 
 

       (16) 

 

Assuming Mass flux G=15, 20, & 25 Kg/m2*sec and draw a line between Uch and Voidage. 

The point of interaction of two lines gives us the chocking velocity and voidage value of the 

particles against the specific mass flux assume shown in graph.  
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APPENDIX -II 

Design calculation of Riser and Cyclone of the CFB gasifier 

1. Calculation of the Riser Height of CFB

Following set of assumptions and equations are established for the sizing of the fluidized bed. 

These assumptions enable a practical design of the gasifier. 

i) The air flow (and the gas flow) through the bed is assumed to be well distributed and

homogeneous mixture of product gas is obtained at averaged bed temperature of 

8500oC. 

ii) The minimum fluidization voidage (εmf) of the bed is assumed 0.70 (ranging 0.5 to 0.85).

iii) The fluidized bed is assumed to be operated with special sand which has a particle density

(ρs) of 2400 kg/m3 and average particle diameter (dp) of 710 microns. 

iv) The bed operates at atmospheric pressure due to the air delivered by the blower is nearly

the same as atmospheric pressure. 

1.1 Calculation of Fluidized Bed Diameter 

For the determination of the fluidized bed diameter, the correlation use is as given below: 

4
b

air x

air
dm

ρ ×∏
= ( 1 )

ρair = Density of air kg/m3

db= Diameter of bed (m) 

mair= Mass of air  kg 

[Ref:  V. Kumaran ; Fluidized bed gasification design report 2005 ] 
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 The air flow rate (maiṙ) through the bed is given as a function of bed diameter (db) and the 

gas superficial velocity (Us). The following sets of equations are required to determine the 

superficial velocity, which necessitates the information on the bed minimum fluidization 

velocity (
mfU ).

2S mfU U= × (2 )

Using the superficial value calculated from the above equations, the bed diameter is 

determined. 

1.2  Determination of Dynamic Bed Height (HB). 

The overall reaction bed height (H) is the sum of the height of CBB feeding point (Hf) and 

dynamic bed height (HB). 

B mft UH = × (3) 

The residence time for most fluidized bed reactor is in the range of 2 to 6sec. Hence, the 

average value is taken (4sec). Therefore, 

B fH H H= + (4) 

[Ref:  Yin X. L.,et al.; Biomass and  Bioenergy 23(2002)181-187] 

1.3 Overall Height of the Reaction Chamber: 

The maximum expanded height of the bed was assumed as 0.75 times the internal diameter of  

the  reactor, with the purpose of diminishing the slugging phenomena. 

t DH HH T= + (5) 
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The calculation of the threshold disengaging height (TDH) was estimated using the graphical 

correlations shown in the Fig.4.1 (Kunii and Levenspiel, 1991) based on the internal diameter 

of the bed (0.4 m) and the fluidization velocity. 

 

 

Figure   Zenz and Weil correlations to TDH calculation 

[Ref:  Zenz,P.A., Weil,N.A.,;A theoretical approach to the mechanism of particle 

entrainment from fluidized bed.Aich.E J., (4) 1958 pp 472-479] 

Fluidization will be considered to begin at the gas velocity at which the weight of the solids 

(gravitational force exerted on the particles) equals the drag on the particles from the rising 

gas. All parameters at the point where these two forces are equal will be characterized as 

minimum fluidization velocity and denoted as Umf, . The combination [g (ρp– ρa) ] occurs 

very frequently, and this grouping is termed [η]. 

 

( )s air
η ρ ρ= −            (6) 

 

2 (1 )
9 mf

P H g
H

η ξ∆
= × × × × −         (7) 

Now, re-arranging  the Ergun Equation. 
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( ) 2

2
Re

150(1 ) 7 1( )
4mfg

d P

P H U N d
ξ ξ
φ φ

ρ φ
ξ

  − − ∆ = × × + × ∗   ×  × ×   
   (8) 

Where N Red  is calculated as 

Re
mf Pa

d

a

U dN
ρ

µ
× ×

= (9) 

[Ref:Venkata Ramayya A.,et.al; Design and Simulation  

Fluidized Bed Power Gasifier  for a 

Coffee Hulling Center.] 

At the point of minimum fluidization, the weight of the bed just equals the pressure drop 

across the bed. 

bbed PW A= × (10) 

A b=   Cross sectional area of the bed and Wbed= Weight of the bed material 

2

4b
DA

Π×
= (11) 

 Where D= diameter of the riser and volume of the bed particles is calculated 

3

6
p

p

dV
Π×

=  (12) 

Surface area of the Particles 

 (13) 

, The shape factor of the particle, sometimes called the sphericity, can be determined as: 

S

P

A
A

φ =               (14)

21/3
6 P

S
VA

 × 
 = Π   Π   

Page No. 130



The calculation of void fraction at the point of minimum fluidization, ( εmf). 

0.0292
0.72

30.586 a
mf

pa dη

ρµξ φ ρρ
−

   
   = ×
   × ×   

   (15) 

The point at which the drag on an individual particle is about to exceed the gravitational force 

exerted on it is called the maximum fluidization velocity. When the upward velocity of the 

gas exceeds the free-fall terminal velocity of the particle, Ut, and the particle will be carried 

upward with the gas stream.  Relationships used as presented by Kunii and Levenspiel are: 

  For 0.4 <NRed < 500

1/32
24 ( - )

225
p a

a
gU dt p

a

ρ ρ
ρ µ

 ×
= × 

× 
 

(16) 

2. Determination of the wall thickness of the reaction chamber

(1 2 ) (1 )[ 1]iall i iI
all

t R ρµ ρ µ ρ
σ

σ + − × − + ×
 = + − 
 

(17) 

Where RI Internal radius of the reaction chamber and value of assume µ =0.3 for ductile 

material and  yall
F s

σσ = .

2. Standard Cyclone Dimensions:

According to investigators like Shepherd and Lapple  for the best efficiency of the cyclone, 

the body diameter of the cyclone should be in the range of 100 to 200mm. So, it is better to 

use the average of the two end values which is D =150mm. 

[Ref: Lapple, C. E. 1951. Processes use many collector types. Chemical Eng. 58(5): 144-151.] 
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[Ref: Shepherd, C. B., and C. E. Lapple. 1940. Flow pattern and pressure drop in cyclone 

dust collectors. Industrial and Eng. Chemistry 32: 1246-1248.] 

A model can be used to determine the effects of both cyclone design and operation on 

collection efficiency. In this model, gas spins through a number of revolutions (Ne) in the 

outer vortex is considered and its value can be approximated by (Cooper and Alley, 1986) as 

follows. 

2
2

b c
e

L LN H
× ×=
×

         (1) 

Ne = number of effective turns, H = height of inlet duct (m), Lb = length of cyclone 

cylindrical body (m), Lc = length (vertical) of cyclone cone (m). 

e

i

DNt
V

π∆ =                                                                      (2) 

∆t=time spent by gas during spiralling descent (m/sec) 

D=cyclone body diameter (m) 

Vi =gas inlet velocity  Vi=(Q/W*H)  (m/sec) 

Q= volumetrics flow rate of gas (m3/sec) 

iQ W HV= × ×              (3) 

W= The maximum radial distance travelled by any particle (is the width of the inlet 

duct) .The terminal velocity Vt of the particle in a radial direction that will just allow a 

particle initially at distance (W) away from the wall to be collected in time Δt is: 

t
W

V t
=
∆

             (4) 

Assuming Stokes’ regime flow (drag force = 3πμdpVt) and spherical particles subjected to a 

centrifugal force F. 

2
im VF

r
×=          (5) 

Where: m = mass of particle in excess of mass of gas displaced. 
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Vi= velocity of inlet flow and   r=D/2 

Terminal velocity of particle   
2)(

9
igp

t
V

V D
ρ ρ

µ
−=
× ×

(6) 

The  viscosity and density values of producer gas and air  are similar, as  most of producer 

gas constituents are similar to air (CO, N2, and to a lesser extent CO2). Only the hydrogen 

portion is substantially great in producer gas with little methane. 

[Ref: Cooper, C. C., and G. C. Alley. 1986: Solutions Manual to Accompany Air 

PollutionControl: A Design Approach Waveland Press] 
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APPENDIX -III 

STOICHIOMETRIC AIR REQUIREMENTS 

Table I. The determination of stoichiometric air requirements for 100 % Coal is done as 

follows: 

Element kg/kg of fuel 
O2 Required 

/kg of fuel 

CO2 

(kg) 

H2O 

(kg) 

N2 

(kg) 

C 0.5908 

0.5908 x2. 66 

= 1.576 

0.4762 x 3
3
2

= 1.7461 

- 
0.4762 x 8.84 

= 4.21 

H2 0.0560 
0.056 x 8 

= 0.448 
- 

0.062 x 9 

= 0. 558 

0.062x 26.5 

= 1.643 

N2 0.014 - - - 0.014 

O2 0.2309 -0.2309 - - 
-0.4338 x 0.768 

= -0.3332 

S 0.0279 0.0279 - - - 

Total - 1.821 1.7461 0.558 5. 268

Total O2 required = 1.821 kg/kg fuel  

Stoichiometric air = 1.821/0. 232= 7.85 kg/kg fuel 

Air flow rate= 7.85/1.116=7.034 m3.  
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Table II. The determination of stoichiometric air requirements for Bagasse as follows: 

Element 
Mass 

constituent 
kg/kg fuel 

O2 required 

kg/kg fuel 

Product of combustion kg/kg fuel 

CO2 H2O SO2 N2 

C 0.4307 
0.4307*2.67 

= 1.15 
0.4282 x 3

3
2

=1.5701 
- - 

0.4282x 8.84 

= 3.7853 

H2 0.066 
0.066x 8 

=0.528 
- 

0.005573x 9 

=0.0493 
- 

0.005473x 26.5 

= 0.1450 

N2 0.0141 -- - - - =0.00893 

S 0.00182 
0.0016*1 

= 0.0016 
- - 

0.00182x 2 

=0.00364 

0.00182 x3.3 

= 0.00601 

O2 0.4341 =-0.4341 -- - - 
-0. 44183 x 0.768 

= -0.3393 

Total - 1.2455 1.5701 0.00493 0. 0364 3. 6059

Total O2 required = 1.2455 kg / kg of fuel 

Stoichiometric air = 1.2455/0.232=5.3685 kg/kg of fuel 

Table III. : Stoichiometric air requirements for coal, bagasse and coal-bagasse blends. 

Material 
Stoichiometric air 

kg of air/kg of feed 

Stoichiometric air 

m3/kg of fuel 

100% Coal 7.85 6.51 

100 % Bagasse 5.3685 4.455 

94% Coal 7.731 6.415 

91% Coal 7.607 6.312 

85% Coal 7.458 6.189 
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APPENDIX-1V   

Table  IV: Operational  conditions of TGA

Run # 1 Description 
Coal-baggase blend (w/w %) 

94/6 91/9 85/15 

Sample weight 

(g) 
1.80 2.092 2.5 

Ramp 

(0C/min) 
40 

Air flow (LPM) 3.5 

ER calculated 
0.35 0.30 0.25 

Run # 2 

Sample weight  (g) 2.5 3.0 3.5 

Ramp 

(0C/min) 
20 

Air flow (LPM) 5 

ER calculated 
0.35 0.30 0.25 

Run # 3 

Sample weight  (g) 1.80 2.092 2.5 

Ramp 

(0C/min) 
20 
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Air flow (LPM) 3.5 

ER calculated 0.35 0.30 0.25 

Run # 4 

Sample weight  (g) 1.80 2.092 2.5 

Ramp 

(0C/min) 
15 

Air flow (LPM) 3.5 

ER calculated 0.35 0.30 0.25 
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