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Gasification offers an environmentally friendly alternative for conventional combustion 

enabling the use of low grade and troublesome fuel such as municipal waste. While 

combustion converts fuel directly into thermal energy and noxious gases, gasification 

thermally converts fuel into gas that can be used in multiple applications. The purpose of this 

work is to get to know the gasification as a phenomenon and examine the kinetics of 

gasification. The main interest is in the reaction rates of the most important gasification 

reactions - water-gas, Boudouard and shift reaction. Reaction rate correlations found in the 

scientific articles are examined in atmospheric pressure in different temperatures.   
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Kaasutus tarjoaa ympäristöystävällisen vaihtoehdon perinteiselle polttotekniikalle 

mahdollistaen vähäarvoisen ja hankalan polttoaineen, kuten yhdyskuntajätteen käytön 

polttoaineena. Palaminen muuntaa polttoaineen suoraan lämpöenergiaksi ja haitalliseksi 

kaasuksi, kun kaasutus taas termisesti muuntaa polttoaineen kaasuksi, jota voidaan hyödyntää 

useissa käyttökohteissa. Tämän työn tarkoituksena on tutustua kaasutukseen ilmiönä ja tutkia 

millä nopeudella kaasutusreaktiot etenevät. Mielenkiinto on erityisesti yleisempien 

kaasutusreaktioiden, Boudouard, vesihöyry ja vaihtokonversio, nopeuksissa. Tieteellisistä 

artikkeleista löydettyjä reaktionopeuskorrelaatioita tutkitaan ilmanpaineessa muuttuvilla 

lämpötiloilla.  



 

 

TABLE OF CONTENTS 

 
1 INTRODUCTION .................................................................................................................. 4 

2 GASIFICATION PHENOMENA .......................................................................................... 5 

2.1 Gasification Reactions ..................................................................................................... 5 

2.1.1 Affecting parameters ................................................................................................. 6 

2.1.2 Heterogeneous char reactions ................................................................................... 6 

2.1.3 Shift conversion ........................................................................................................ 7 

2.1.4 Steam methane reforming reaction ........................................................................... 8 

2.1.5 Kinetics of the reactions ............................................................................................ 8 

2.2 Gasification Process ......................................................................................................... 9 

2.3 Comparison with Combustion ....................................................................................... 10 

2.4 Benefits of Gasification ................................................................................................. 10 

3 GASIFIERS .......................................................................................................................... 12 

3.1 Entrained Bed................................................................................................................. 12 

3.2 Fluidized Bed ................................................................................................................. 13 

3.3 Fixed or Moving Bed ..................................................................................................... 14 

4 REACTION RATE CORRELATIONS ............................................................................... 16 

4.1 Water-gas reaction rate correlations .............................................................................. 17 

4.2 Boudouard reaction rate correlations ............................................................................. 21 

4.3 Shift reaction rate correlations ....................................................................................... 24 

4.4 Methanation and steam methane reforming reaction rate correlations .......................... 25 

5 CALCULATIONS AND DISCUSSION .............................................................................. 28 

6 CONCLUSIONS................................................................................................................... 37 

REFERENCES ........................................................................................................................ 39 

 

  



2 

 

NOMENCLATURE 

 

Roman Letters 

A pre-exponential factor   1/s 

As specific surface area  m
2
/g 

c molar concentration   mol/m
3
 

dp particle size   µm 

Ea  activation energy   J/mol 

Fc carbon fraction in coal  - 

f dampering factor  - 

K  equilibrium constant  - 

k reaction coefficient   1/s 

m mass    kg 

M molar weight   g/mol 

n order of reaction  - 

p  pressure    Pa 

R  universal gas constant   8.314 J/(molK) 

r reaction rate    mol/(m
3
s), 1/s, mol/(m

2
s), mol/(gmin) 

r’’’ reaction rate    mol/(m
3
s) 

S specific area of char   m
2
/m

3
 

t  time    s 

T temperature    K 

x  molar fraction   - 

X carbon conversion  -  

∆G0 Gibbs free energy  J/mol 

 

Greek Letters 

ε porosity   - 

ρ density    kg/m
3 

ψ pore structure parameter of char - 

v  stoichiometric coefficient   - 
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Superscripts 

→ forward reaction 

← reverse reaction 

 

Subscripts 

c carbon 

char char 

eq equilibrium 

i, j, k components 

m, n indexes 

p particle 

s surface 

 

Abbreviations 

BFB  bubbling fluidized bed 

CFB  circulating fluidized bed 

CFBG  circulating fluidized bed gasifier 

CH4  methane 

CO  carbon monoxide 

CO2  carbon dioxide 

DTF drop tube furnace 

ER equivalence ratio 

FB fluidized bed 

H2  hydrogen 

H2O  water 

H2S  hydrogen sulfide 

IGCC  integrated gasification combined cycle 

N2  nitrogen 

syngas  synthetic gas composition, which consists of H2 and CO 

TGA thermogravimetric apparatus 
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1 INTRODUCTION 

 

Gasification process thermally converts carbon-containing material into gas that can be 

combusted or used in chemical applications. Gasification as technology is much newer and 

less used than combustion but is becoming more and more common due to its benefits over 

direct incineration. Much more effective use of low grade fuels and biomass and reduced 

emissions are only a few incentives to gasification. 

 

The rate of the gasification reaction mainly depends on the reactivity of the fuel, gasifying 

medium and temperature and pressure of the process. Different reactions are favoured by 

different conditions in the gasifier reactor. As there are multiple ways to utilize the product 

gas of gasification, alteration of the gas composition is important. The concentrations of 

different components can be affected when the reactions and their kinetics are known. 

Modeling of the reaction rates of gasification is crucial to designing of a gasifier. If the 

correlations do not correctly represent the reactions, expensive projects can go terribly wrong. 

 

In this work the main gasification reactions – water-gas, Boudouard and shift reaction – are 

described along with the parameters affecting the process. Also different gasifier types are 

introduced. The main interest in this work is in the kinetics of the gasification reactions. The 

reaction rate correlations found in scientific articles are presented and examined mainly as a 

function of temperature. 

 

Though gasification has been widely studied in the recent decades, there is still no extensive 

model for reaction kinetics that would cover all reactions in varying conditions. Authors 

approach gasification in different perspectives and often the main focus is not on the reaction 

rates and the correlations are just referred from previous studies. Newer studies focus on 

modeling particulate fuel in a certain gasifier and there is a doubt if they can be extended to 

other conditions. Results of this work should be studied with reservation as there is no 

certainty whether the correlations are correct and if the right values are inserted in them.  
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2 GASIFICATION PHENOMENA 

 

Gasification is a process, where a liquid or solid fuel is converted into gaseous form. 

Normally this product gas consists mostly of H2 and CO (also CO2, H2O, CH4 and various 

heavy hydrocarbons). In gasification, a solid or liquid fuel, such as biomass or coal, reacts in 

temperatures over 800 
o
C with a gasifying medium – air, oxygen, steam or a mixture of these 

– that includes a restricted amount of oxygen (equivalence ratio (ER) < 1). When oxygen 

reserve is limited, combustion becomes incomplete and slower gasification reactions have 

time to proceed. (Basu 2006, p59; Rezaiyan & Cheremisinoff 2005, p5) Fig 1 represents a 

simple gasification process. 

 

Fig 1. Simplified gasification process 

2.1 Gasification Reactions 

 

There are several thermochemical reactions taking place in a gasifier simultaneously. 

Combustion reactions produce CO2 and H2O and release thermal energy, which are both 

needed for gasification reactions. Most important of these are water-gas reaction, Boudouard 

reaction, shift conversion and methanation. Last mentioned is though quite slow in 

atmospheric pressure. (Basu 2006, p66; Higman 2008, p11-12) Reaction heat is mentioned 

after the reaction. Positive sign means exothermic and negative endothermic reaction. 

 

Basic combustion reactions 

C + ½O2 → CO   +111 MJ/kmol  (R1) 

CO + ½O2 → CO2   +283 MJ/kmol   (R2) 

C + O2 → CO2   +394 MJ/kmol   (R3) 

ER=0.2-0.3 
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H2 + ½O2 → H2O   +242 MJ/kmol   (R4) 

Boudouard reaction 

C + CO2 → 2CO   -172 MJ/kmol   (R5) 

 

Water gas reaction 

C +H2O →CO + H2   -131 MJ/kmol   (R6) 

 

Methanation reaction 

C + 2H2 →CH4   +75 MJ/kmol   (R7) 

 

Shift conversion  

CO + H2O ↔ CO2 + H2   +41 MJ/kmol   (R8) 

 

Steam methane reforming reaction 

CH4 + H2O ↔ CO + 3H2   -206 MJ/kmol   (R9) 

 

2.1.1 Affecting parameters 

 

Gasification process is affected by the fuel composition, mode (e.g. the particle size) and 

moisture content, gasifying medium and the temperature and pressure of the process. (Basu 

2006, p67) The gasifying medium has a major impact on the heating value of the product gas. 

Oxygen produces the highest heating value (12-28 MJ/Nm
3
) and air the lowest (4-7 MJ/Nm

3
). 

The medium also affects on the concentrations of the different gases (H2, CO, CO2, CH4) in 

the product gas. If the medium is H2O, product gas includes more H2 and if the medium is 

CO2, more CO is formatted. Air includes nitrogen that dilutes the process causing the low 

heating value and is included in the product gas as well. (Basu 2010, p119) Nitrogen reacts 

with oxygen producing NO2 but in gasification there is only so little oxygen available that 

this reaction is not usually notable. In this work it is also neglected. 

2.1.2 Heterogeneous char reactions 

 

The Boudouard reaction (R5) is an endothermic reaction where CO2 reacts with char 

producing CO. This reaction is favoured by high temperature and low pressure. Fig 2 (a) 

shows the CO and CO2 concentrations for carbon gasification with oxygen as a function of 
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temperature. Temperature should be at least 700 
o
C in atmospheric pressure if CO formation 

is favoured. (Basu 2006, p66, 69-70) 

 

The water gas reaction (R6) produces both CO and H2 and is therefore the principal 

gasification reaction. (Rezaiyan & Cheremisinoff 2005, p8) Steam to the process can come 

from the gasifying medium, combustion (R4) or the evaporation of the moisture in the fuel. 

This reaction is also endothermic requiring thermal energy and favoured by high temperature 

and low pressure. The equilibrium in Fig 2 (b) representing the H2O, CO and H2 

concentrations shows that this reaction is not so heavily affected by temperature as the 

Boudouard reaction. After 800 
o
C the concentrations do not change significantly. (Basu 2006, 

p66, 69, 71) 

 

 

Fig 2.  Reaction equilibriums in 1 atm with temperature for (a) Boudouard reaction (b) water-gas reaction 

(modified from Basu 2006, p70, 71) 

 

The methanation reaction (R7) differs from the previous reactions as it is favoured by low 

temperature and high pressure. Conditions in atmospheric gasifiers are often not favourable 

for this reaction and it can become almost insignificant. Methane has higher heating value 

than CO or H2 so it is a desired product in combustion process applications. Product gas can 

additionally be further processed in other chemical processes producing waxes and various 

oils. The reaction is often accelerated by a catalyst. (Basu 2006, p67, 69, 72) 

2.1.3 Shift conversion 

 

The shift conversion (R8) is reversible, mildly exothermic reaction that has the tendency to 

increase the amount of H2 compared to CO in the product gas. (Basu 2006, p70) The 
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direction of the reaction however depends on the conditions in the gasifier. If the temperature 

is high enough the reverse reaction takes place and the amount of CO increases in the 

expense of H2. According to Rezaiyan & Cheremisinoff (2005, p8) the optimum temperature 

for H2 yield is up to 260 
o
C when catalyst is used. Pressure does not affect on the H2 yield 

through this reaction. 

2.1.4 Steam methane reforming reaction 

 

The steam methane reforming reaction (R9) also takes place in the gasifier but it proceeds 

very slowly requiring relatively low temperature and catalyst. (Rezaiyan & Cheremisinoff 

2005, p8) Reaction is endothermic and requires a high amount of energy in order to occur. 

CH4 concentration is also usually relatively low in the gasifier limiting this reaction. Gómez-

Barea & Leckner (2010, p501) state that this reaction is kinetically limited in biomass 

gasification conditions and is far from equilibrium.  

2.1.5 Kinetics of the reactions 

 

The rate of a gasification reaction mainly depends on the reactivity of the fuel and the 

reaction potential of the gasifying medium (most active O2, H2O, CO2 less active). (Basu 

2010, p123) Process temperature and pressure also affect on the reaction rates. The 

combustion reactions are faster than gasification and they occur first rapidly consuming the 

oxygen. Basu (2010, p123) claims that the water-gas reaction is the fastest of char reactions. 

Di Blasi (2009, p125-126) states that in wood char gasification water-gas reaction is two to 

five times faster than the Boudouard reaction. An interesting estimation is presented about the 

relative reaction rates of these three reactions compared to (R1) at 800 
o
C and 10 kPa 

overpressure. These rates are presented in Table 1.  

 

Table 1. Relative reaction rates of four char reactions (Basu 2010, p123) 

Reaction Relative reaction rate 

C + 1/2O2 → CO 10
5
 

Water-gas 10
3
 

Boudouard 10
2
 

Methanation 3×10
-3

 

 

Mann et al. (2004, p1645) also state that combustion reactions and shift reaction are more 

than a million times faster than other carbon reactions (R5, R6, R7). 
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2.2 Gasification Process 

 

The phenomena occurring in the gasifier can be theoretically divided into different thermal 

stages occurring in different temperatures (Basu 2006, p63). There are no clear boundaries 

between the stages and they can overlap in a large particle (Basu 2010, p120). Fig 3 

represents the main steps of gasification and the resulting products. 

1. Drying  >150 
o
C 

2. Devolatilization/Pyrolysis 150-700
  o

C 

3. Combustion  700-1500
  o

C 

4. Gasification  800-1100
 o

C 

 

 

Fig 3. Gasification process. (Gómez-Barea & Leckner 2010, p469) 

 

When a fuel particle is heated, moisture starts to vaporize. If the moisture content is high, this 

part requires more energy and reduces the temperature inside the gasifier and the product gas 

heating value. That is why some predrying is necessary to lower the moisture content of the 

fuel, especially with biomass. (Basu 2010, p120)  

 

Pyrolysis is a complex process including multiple chemical and physical reactions producing 

light gases (H2, CH4, CO, CO2, H2O), tar and char. (de Souza-Santos, 2010, p25) Pyrolysis 

raises the carbon concentration of the char. (Rezaiyan & Cheremisinoff 2005, p17)  
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Combustion reactions occur in the presence of oxygen and they provide thermal energy. 

Gasification reactions occur between carbon of the char and steam, carbon dioxide and the 

resulting gases. They are slower than combustion reactions and are commonly endothermic.  

 

2.3 Comparison with Combustion 

 

The purpose of gasification is to convert the usually low value original fuel into gaseous form 

which is more valuable and useful than the original fuel. Gasification packs energy into 

chemical bonds. The purpose of combustion is to release energy by breaking the chemical 

bonds in the fuel. (Basu 2010, p117) Gasification produces mainly H2 and CO, whereas 

combustion produces H2O and CO2 which have no heating value. There are multiple ways to 

utilize the product gas of gasification, also known as syngas. In Table 2 gasification and 

combustion have been compared. 

 

Table 2. Gasification and combustion comparison (modified from Rezaiyan & Cheremisinoff, 2005, p11) 

Feature Gasification Combustion 

Purpose 
Convert lower value material into 

something more valuable 
Generate heat 

Process Conversion with limited oxygen 
Complete combustion with excess 

oxygen 

Product gas H2, CO, H2O, CH4, N2, H2S, NH3 CO2, H2O, SO2, NOx 

Cleaned gas H2, CO, H2O, CH4 CO2, H2O 

Gas usage Chemicals, fuels, energy production no usage (CO2 capture) 

Sulfur sulfur of sulfur acid SO2, must be removed 

Solid products slag/ash, can be re-used ash, usually disposed 

Temperature 700-1500 
o
C 800-1000 

o
C 

Pressure atmospheric or elevated usually atmospheric 

 

2.4 Benefits of Gasification 

 

Gasification enables the use of cheap, potentially CO2-neutral or low grade fuels that are 

usually available locally, and long distance transportation can be avoided. By converting 

them into combustible gas, these fuels can be exploited with much better efficiency than with 
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direct incineration. (Eriksson 2003) Gasifier can be a part of energy production system in an 

integrated gasification combined cycle (IGCC) where the product gas is first used in a gas 

turbine and the exhaust gas generates steam for steam turbine. Syngas can also be processed 

further into synthetic fuels, chemicals, oils and waxes. (Basu 2006, p59) Gasification offers 

more opportunities than combustion and Fig 4 represents some of the ways to utilize the 

product gas of a biomass feedstock. Emissions of sulfur and nitrogen oxides and particulates 

are significantly lower with gasification than combustion. Cleaned up syngas burns purely in 

combined cycle. (Rezaiyan & Cheremisinoff 2005, p14) 

 

 

 

Fig 4. Different ways to utilize product gas (Basu 2010, p12) 
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3 GASIFIERS 

 

Gasifiers are usually divided to entrained bed, fluidized bed, and fixed or moving bed 

gasifiers according to how the gas and fuel contact each other. Also different variations like 

spouted bed can be separated. (Gómez-Barea & Leckner 2010, p448) In Fig 5 different types 

of gasifiers are categorized. 

 

Fig 5. Models of gasifiers (Basu 2010, p169) 

 

3.1 Entrained Bed  

 

Fig 6 depicts the operational principle of an entrained bed gasifier. Very finely pulverized 

feedstock is gasified in an oxygen/air and steam mixture. Entrained beds are available in 

large scale (> 100 MW) and often use fossil fuels as the particle size is limited. Temperature 

is very high, 2000 
o
C, and process is often pressurized up to 35 bar. (Basu 2006, p61) Due to 

the high temperature, the ash melts and flows down on the reactor walls and is removed from 

the bottom as liquid slag. There are also non-slagging entrained beds gasifiers, but they are 

not as popular because slagging beds are more fuel flexible and it is impossible to avoid the 

slagging completely. (van der Drift et al. 2004, p15) When gasifying biomass, the ash melting 

point is usually lower with biomass than with coal (coal ~1300 
o
C (Oka 2004, p223) biomass 

~1000 
o
C (Kalnacs & Lazdinsh 2010, p2)), but van der Drift et al. (2004, p19) claim that the 
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ash from biomass does hardly melt in entrained flow (temperature 1300-1500 
o
C in this case) 

because of the high CaO content. CaO is and additive that rises the melting temperature. High 

temperature also leads to reduced tar content in the product gas and almost complete carbon 

conversion. (Basu 2010, p186) 

 

Fig 6. Entrained bed (Basu 2006, p61) 

  

 

3.2 Fluidized Bed  

 

In a fluidized bed (FB) gasifier, granular solid such as sand, fuel and gasifying medium are 

mixed in a hot bed that can be bubbling or circulating. Temperature in the reactor is much 

lower, 800-1000 
o
C, than in an entrained bed and is easy to control. Ash does not melt and it 

can be easily removed from the bottom of the gasifier. FB gasifiers are more tolerant with the 

fuel particle size and quality, therefore the technology is suitable also for biomass and 

municipal waste or mixture fuels. Granular bed works as a heat exchanger so the heat and 

mass transfer from the fuel is improved and throughput and heating value of the product gas 

are higher. (Basu 2006, p62, 74-75) FB gasifiers can also be scaled up to large scale (>100 

MW). In the other hand, reduced temperature in the gasifier can cause problems with tar 

formation, and unconverted char that weakens the efficiency. (Gómez-Barea & Leckner 

2010, p448)  

 

Fig 7 illustrates the difference between bubbling (BFB) and circulating fluidized bed (CFB). 

Both have a reactor where the gasification phenomena occur. BFB is simpler and smaller 
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whereas CFB has a cyclone that separates the circulating material and a return leg that returns 

particles back to the reactor improving the gasification process. Product gas is removed from 

the cyclone after while the particles are returned to the reactor. Respectively to its name, CFB 

recycles particles continuously, which leads to a longer residence time and better carbon 

conversion than with BFB. Gasifying medium is fed from the bottom of the reactor with high 

velocity which causes the bed to be fluidized. Operating velocity in CFB is 2-5 m/s and in 

BFB 0,5-2 m/s. CFB is also less strict with the fuel particle size. Particle entrainment and 

back-mixing of solids cause low solid conversion to BFB gasifier. (Gómez-Barea & Leckner 

2010, p448; Eriksson 2003) 

 

Fig 7. (a) Bubbling fluidized bed and (b) circulating fluidized bed (Gómez-Barea, 2010, p448) 

   

3.3 Fixed or Moving Bed 

 

Fixed/moving bed gasifiers can be divided into updraft, downdraft and sidedraft types 

according to the gasification medium flow direction. Up- and downdraft types are more 

common. The fuel is in the reactor as a fixed bed and gasification medium flows through it. 

Different stages of gasification occur in different parts of the bed. Fig 8 represents all the 

three fixed bed gasifier types. Particle size is not a limiting factor but high tar production is a 

problem with fixed bed gasifiers. In downdraft gasifiers though, the gas leaves the reactor 

near the combustion zone, where the temperature is the highest and tar concentration is 
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reduced. Fixed bed gasifiers are limited to smaller scale because it is hard to maintain a 

regular conversion front in a large bed. (Basu 2006, p62-64, Cómez-Barea & Leckner 2010, 

p448) 

 

 

 

Fig 8. (a) Updraft (b) downdraft (c) Gross flow type fixed bed gasifiers (Basu 2010, p171,173,176) 
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4 REACTION RATE CORRELATIONS 

 

In this chapter, several gasification reaction rate correlations presented in the literature will be 

introduced.  

 

Every given reaction formula is a simplified overall reaction representing the result where as 

the actual chemical reaction consists of multiple simultaneous and complex stages. The 

general form of a reaction rate can be written as (de Souza-Santos 2010, p106) 

 

     
 

    

   

  
   

    
        

    
          

   
     
      (1) 

where  ki = kinetic coefficient of reaction i [1/s] 

cj = molar concentration of component j [mol/m
3
] 

vij = stoichiometric coefficient of component j in reaction i 

ri = rate of reaction i (for homogeneous reactions: [kg/(m
3
s)]; for heterogeneous 

reactions: [kg/(m
2
s)]) 

 

Arrows indicate the forward reaction (→) and reverse reaction (←). Molar concentrations can 

also be replaced by partial pressures pj [Pa] of the components when using other forms of the 

equation. Usually this equation is inadequate to describe the reaction and it has to be 

corrected with reaction rate coefficients which are often represented as a function of 

temperature. Exponents are also not usually correctly expressed with stoichiometric 

coefficients v due to the real chain reaction that happens instead of the overall reaction. (de 

Souza-Santos 2010, p106-107) Higman (2008, p37) describes the Arrhenius coefficient with 

equation (2). 

 

      
  
        (2) 

 

where A = pre exponential factor [1/s] 

 Ea = activation energy [J/mol] 

 R = the universal gas constant 8.3143 J/(molK) 

 T = temperature [K] 
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In case of reversible reactions, equilibrium constant     appears in the correlations. Equation 

(3) represents its general form in case of ideal gases (de Souza-Santos 2010, p108). 

 

      
 
   
        (3) 

where 

 ∆G0 = Gibbs free energy [J/mol] 

 

De Souza-Santos has used the unit kgm
-3

s
-1

 for reaction rate but also units molm
-3

s
-1

 and s
-1

 

are used in the literature, molm
-3

s
-1

 probably being the most popular and also preferred in this 

work. There are also multiple different variables used in the correlations that are not 

mentioned in the general form and different values for the constants A and Ea. 

 

4.1 Water-gas reaction rate correlations 

 

Water-gas reaction can be described with multiple different variations but one way is shown 

with steps (R10) to (R14). (Di Blasi 2009, p130) 

 

Cf + H2O 
  
   C(O) + H2    (R10) 

C(O) + H2

  
   Cf + H2O    (R11) 

C(O)  
  
   CO     (R12) 

Cf + H2 
  
   C(H)2    (R13) 

C(H)2 

  
   Cf + H2    (R14) 

 

Where Cf is a free active carbon site, C(O) a carbon-oxygen complex and C(H) a carbon-

hydrogen complex. The presence of hydrogen inhibits the water-gas reaction so effectively 

that its removal is necessary in order to accelerate the reaction. (Basu 2010, p124) According 

to these equations, the reaction rate is expressed with equation (4) and in simpler way with 

(5) if the inhibiting effects are not taken into account. (Di Blasi 2009, p130). 

 

   
      

  
  
  
     

  
  
   
      (4) 
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      (5) 

 

Where n is the order of the reaction, an empirical parameter. Unit for these reaction rates is 

1/s. Both ways are used in the found correlations. 

 

In Table 3 there are the water-gas reaction rate correlations collected from the literature. The 

original reference, to which the present author has referred to, is mentioned in the brackets. If 

it is not mentioned, the correlation is experimental or author has not given the reference. 

Correlations and new parameters are presented along with the main test conditions. 

 

Umeki et al. (2010a, p794) have studied gasification in an updraft fixed bed. Used feedstock 

was wood chips and gasifying medium steam. This correlation is very simple and uses the 

basic form of reaction rate.  

 

In Petersen & Wether’s study the gasifier was circulating fluidized bed and feedstock sewage 

sludge. Three different gasifying mediums where used – air, the mixture of CO2/N2 and N2. 

Petersen & Wether (2005, p731) take a different approach to this reaction by taking in notice 

the chain reaction through multiple coefficients. X is carbon conversion and Petersen & 

Werther have used value 0.5 for water-gas reaction and 0.35 for Boudouard reaction. ρchar is 

the density of char and MC the molar weight of carbon. 

 

Mendes et al. (2008, p122) and Bi et al. (1996, p289) have also ended up in the same form as 

Petersen & Werther. They all have referred to Matsui et al. (1985). The four coefficient 

equations (k, Kk_H2O, Kk_H2, Kk_CO) are exactly the same with Petersen & Werther and Mendes 

who gasified coal in spouted bed. The actual reaction rate has a different function g(X). It 

should also be noted that Bi and Mendes use the particle density    in the g(X) instead on 

char density. Bi studied coal gasification in jetting fluidized bed and has otherwise same 

equations but the exponents are positive. Reaction rate also takes notice to carbon fraction in 

coal FC both with Bi and Mendes. They have both studied coal gasification, when FC is closer 

to 1 than biomass with whom the value is lower. Bi suggests that the carbon conversion is 

0.27 with both water-gas and the Boudouard reaction. 
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Table 3. Water-gas reaction rate correlations 

Reference Help variables (k, K, g(X)) Reaction rate r Unit 

Umeki (a) 

(Watanabe)             
        

          
     

 

 

 

 

 

 

mol/(m
3
s) 

Petersen & 

Wether (Matsui 

1985) 

       
        

    

               
       

    

               
       

    

             
    

       

    

          
     

  
  

 

 

 

 

             

                           
  

Mendes 

(Matsui 1985) 

                  
    

  
   

others same as above 

Bi (Matsui 

1985) 

       
        

    

               
      

    

               
      

    

             
    

      

    

          
    

  
  

Järvinen (Li 

1991)             
        

    
          

            
 

Xu 

      
        

    

     

                          

 

            

Matsumoto 
            

        

    

                         

 

      
          

 

 

 

 

s
-1

 

 

Mann 

(modified)        
        

          
      

   

        
 
     

  

Umeki (b) 
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Järvinen & Zevenhoven (2002, p362) have focused on autogasification using N2 atmosphere 

and black liquor as feedstock.  They have introduced a specific surface area As (160 m
2
/g), to 

the correlation. Black liquor has large surface area that leads to high reactivity. The use of 

specific surface area is not furthermore explained in the article. Also the factor [C] is 

unknown at the moment. It is not explained in the paper what the C in brackets means.  It 

does not appear in the original reference either in this form. This study, as well as Mendes et 

al.’s, is theoretical and does not include own experimental results. Correlations are obtained 

from literature and modified to fit the model.  

 

Xu et al. have recently published article about coal, biomass and blend chars gasification with 

steam. Pre-exponential factors and activation energies are obtained from literature and are 

only given for biomass. (2011, p2235, 2236) S(X) is specific surface area evolution function 

that expresses the geometrical change of the char during the gasification. This reaction rate is 

intrinsic. S0,char is the initial specific area of char (coal 13000 m
2
/m

3
; biomass 200 000 m

2
/m

3
) 

and ψ the pore structure parameter of char (coal 10, biomass 2). 

 

Matsumoto et al. (2009, p525) have studied the kinetics of biomass char that is obtained as a 

by-product of a steam and oxygen blown entrained bed gasifier. By-product is gasified again 

in drop tube furnace (DTF) with CO2 or H2O and N2. It is stated in the article that O2 and H2 

from the first gasification can remain in the char contributing the reactivity in the DTF 

gasification (Matsumoto et al. 2009, p525). Tay et al. (2011) have studied the char structure 

change in gasification. Victorian brown coal was gasified in a novel fluidized-bed/fixed-bed 

reactor at 800 
o
C using different mediums. They discovered that steam changes most the char 

structure during gasification, especially the aromatic ring structure. CO2 or O2 gasification 

did not affect on the structure as much. Results suggest that gasification with different 

mediums follows different reaction routes. (Tay et al. 2011, p6) This gives confidence that 

the resulting char structure of the entrained flow gasification has an impact on the following 

gasification. The unit of Matsumoto’s equations is 1/s, but it is converted into same form as 

others by multiplying it with the concentration of char.  

 

Mann et al. (2004, p1647) have gasified North Dakota lignite in a transport gasifier with 

steam and nitrogen mixture. This model expects water-gas reaction to account all the 

gasification. They performed 11 test runs of which 8 were in atmospheric pressure. They 
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have also included the effect of total pressure in their correlation. At 815–950 
o
C the char 

gasification reaction rate with steam is stated to be 

 

            
       

      
           

       
   

        
 
     

 (6) 

 

The CO term in the end expresses the effect of varying CO and CO2 concentrations in the 

gas. When gasifying medium is steam, they have used a value of 0.368 to this term. With this 

value the inhibiting effect of CO is in balance with the enhancing effect if CO2 in the steam 

gasification. There is an uncertainty about the units in the obtained correlation (6) so in Table 

3 the values for activation energy and pre-exponential factor are taken from Mann et al. 2004 

page 1646 specifically for water-gas reaction.  

 

Another publication from Umeki et al. (2010b, p4189) discusses large wood char gasification 

with steam in a thermo-balance reactor. Values in this correlation were obtained with 

experimental results. Reaction temperature in this experiment was 850–950 
o
C, partial 

pressure of steam 0.02–0.06 MPa and char particle diameters were 14.3 and 21.2 mm. 

Function g(X) expresses an overlapped grain model where ε0 is the initial porosity (estimated 

0.5 in the article). The partial pressure of steam must be inserted in [MPa]. This correlation 

gives an intrinsic reaction rate of char gasification. 

 

4.2 Boudouard reaction rate correlations 

 

The Boudouard reaction can be described through three steps, (Di Blasi 2009, p130) 

 

Cf + CO2 
  
   C(O) + CO    (R15) 

C(O) + CO 
  
   Cf + CO2    (R16) 

C(O)  
  
   CO     (R17) 

 

where Cf  is a free active carbon site and C(O) a carbon-oxygen complex. According to 

reactions (R15)-(R17), the gasification rate of Boudouard reaction can be expressed with 

equation (7). 

   
      

  
  
  
    

  
  
    

      (7) 
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The presence of CO has an inhibiting effect in C(O) concentration (R16). If this is not taken 

in to account, the reaction rate can be expressed simpler as 

 

     
   
       

      (8) 

 

 Found correlations for Boudouard reaction are collected in Table 4. Boudouard reaction rate 

correlations are generally in the same form as those with water-gas reaction with the same 

author (Umeki (a), Petersen, Mendes, Bi, Järvinen, Xu, and Matsumoto). Measurement 

arrangements are not revised if they are already presented earlier. 

 

Corella & Sanz (2005, p1035) have gasified biomass in a circulating fluidized bed gasifier 

using air as gasifying medium. They have also given correlations for other reactions but this 

seems to be the only one giving reasonable answers with initial values used in this work. Schar 

in the correlation is the specific area of char.  

 

Kajitani et al. (2005, p168) have found kinetic parameters for different coal chars by 

experimenting CO2 gasification in an entrained bed gasifier. This experiment is done in 

pressurized conditions. Values in Table 5 are from coal BA, which is an Australian coal with 

high fuel ratio and ash melting point. S(X) is a random pore model where the parameter   

varies with different coals from 1 to 26. Large value of   means that pore in the char grows 

as the gasification proceeds. If value would be zero, it would mean that the char is very 

porous leading to large surface area and high reactivity. Values for pre-exponential factor and 

activation energy vary at range Ea=240-280 kJ/mol, A=2.54×10
7
-1,19×10

9
 1/(sMPa

n
). 

Different coals had differences in gasification rate with CO2 as large as ten times or more is 

this research. 

 

Mani et al. (2011, p37) have gasified wheat straw in thermogravimetric apparatus (TGA) 

using CO2 as the gasifying medium. They introduced a form of equation that does not include 

partial pressures or concentrations. Experiment were made in low temperatures (750-900 
o
C) 

and particle size was fine (< 60µm) so kinetic parameters are considered intrinsic. Also the 

unit is different (mol/(gmin)), but in this work it is converted into the molm
-3

s
-1

 by 

multiplying it with 
          

  
. 
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Table 5. Boudouard reaction rate correlations 

Reference Help variables (k, K, g(X)) Reaction rate r Unit 

Umeki 

(Watanabe)             
        

          
     

 

 

 

 

 

 

 

 

mol/(m
3
s) 

Corella        
        

               
     

Petersen & 

Wether 

(Matsui 

1987a,b) 

            
        

     

               

            
       

     

          
     

  
  

          

                     
 

Mendes 

(Matsui 

1987a,b) 

             
        

    

              

            
      

    

                  
    

  
  

Bi (Matsui 

1987a,b) 

            
        

     

              

            
      

    

          
    

  
   

Järvinen (Li 

1990)              
        

    
          
           

 

Xu 

        
        

    

     

                          

 

            

Matsumoto 

             
       

    

     

                    

 

      
          

 

 

 

s
-1

 

Kajitani 

              
         

    

     

                    

      
           

Mani            
        

            
    mol/(gmin) 
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4.3 Shift reaction rate correlations 

 

Shift reaction differs from the two previous the most with the fact that it is reversible. The 

maximum H2 yield is obtained in the point where the forward reaction rate is the highest. 

Another point of interest is when the reaction rate turns negative i.e. the reverse reactions 

starts to occur.  

 

Some authors prefer to divide the activation energy with the universal gas constant R to make 

the equation simpler when usually they are left separate and the activation energy value 

comparison is easier. All the following authors use the same equation to shift reaction rate. 

Coefficients k and equilibrium constant Keq vary a little. Petersen & Werther have added a 

dampering factor to the widely used equation and have ended up in the value 0.1. Others did 

not have this factor so the value in the Table 6 is set to one. 

 

Table 7. Shift reaction rate correlations 

Reference Help variables (k, K, g(X)) Reaction rate r’’’ Unit 

Petersen & 

Werther 

(Bíba) 

         
       

    

           
      

    

       

 

 

 

 

 

 

           
       

   
   

 

 

 

 

 

 

mol/(m
3
s) De Souza-

Santos (1989) 

(Bíba) 

        
     

   

            
     

   

     

Gómez-Barea 

& Leckner 

(Bíba) 

        
       

    

           
    

   

     

Mendes (Bíba) 
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Gómez-Barea & Leckner (2010, p487, 501) have modeled biomass gasification in bubbling 

and circulating fluidized bed gasifiers. De Souza-Santos (1989, p1510) has widely studied 

combustion and gasification in fluidized beds and has extended his model from boilers to 

gasification. All the authors refer to Bíba et al. (1978). This same form of equation with same 

parameters was found also in other sources.  

 

4.4 Methanation and steam methane reforming reaction rate correlations 

 

Also the methanation and steam methane reforming reactions have a few correlations, but a 

good comparison is hard to be made. There are not many correlations available for these 

reactions in the literature as they are known to be very slow if right catalyst is not used and 

especially methanation reaction is often left out of the kinetics models. In Table 8 there are 

the steam methane reforming and in Table 9 the methanation reaction rate correlations. Units 

are already converted to mol/(m
3
s) or mol/(m

2
s) in case of Mann, Gerber and Bíba. 

 

Table 8. Steam methane reforming reaction rate correlations 

Reference Reaction rate  Unit 

Umeki (a) 

(Corella) 
        

        
           

      
 

       
      
  

  

mol/(m
3
s) 

Mendes (Wang 

& Kinoshita) 
         

       
            

      
 

            
      
  

 
  

    
 

 

Table 9. Methanation reaction rate correlations 

Reference Reaction rate Unit 

Mendes (Bíba)          
         

   
 

  
     

mol/(m
3
s) 

*Mann          
        
          

Gerber            
        

        
  

mol/(m
2
s) 

* Bíba 
         

  
  

         
       

*A and E are given but not the reaction rate formula, which is assumed to be the typical Arrhenius equation form 
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Steam reforming of methane reaction is reversible so correlations are in the same form as 

with shift reaction. Mendes has also added 
  

    
 factor in the equation and it should be noted 

that it is different than those with water-gas and Boudouard reactions. Value is inverse, and 

the density is different. Char density is used here but there again is no certainty about the 

nomenclature.  Umeki (a) has not used exponent in the equilibrium constant term. 

 

With methanation reaction two different units are used, mol/(m
3
s) and mol/(m

2
s). In case of 

Mann and Biba (1978, p96), the actual reaction rate correlation are not given but the values 

for activation energy and pre-exponential factor are, so they are adapted to the same formula 

that Mendes and Gerber (2010, p2908) use. Mendes also has a term 
 

  
 in his correlation so 

the particle size affects the reaction rate.  

 

To ease the comparison between the differences with the results from the correlations, the 

circumstances of the researches are collected in Table 10. 
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Table 10.  Used research equipments in the articles 

Reference Gasifier Feedstock Medium Special 

Umeki (a) Updraft fixed bed Wood chips H2O 
exceeding 1200 

K 

Petersen CFB sewage sludge 
air, CO2/N2, 

N2 
 

Järvinen  Black liquor N2 
autogasification, 

theoretical model 

Mendes Spouted bed Coal air/H2O, O2 

high 

temperature, 

reference work 

Bi 
Jetting fluidized 

bed 

Coal (taheiyo 

char) 
H2O, O2, N2  

Corella CFB Biomass air  

de Souza-Santos CFB multiple air 
extended boilers 

-> gasifiers 

Gómez-Barea CFB/BFB Biomass   

Xu FB Biomass/coal H2O 

T=850, 900, 950 
o
C 

intrinsic 

Mani 
Thermogravimetric 

apparatus (TGA) 
Wheat straw CO2 

T=750-900 
o
C, 

intrinsic 

Mann Transport gasifier Lignite H2O 

T=815-950 
o
C 

pressure in 

account 

Kajitani Entrained bed Coal CO2 high T and p 

Matsumoto Drop tube furnace Biomass 
H2O, CO2 + 

N2 

first entrained 

flow H2O/O2, 

p=0,4 MPa 

T=900-1200 
 o
C 

Umeki (b) 
thermo-balance 

reactor 
wood H2O 

850–950 
o
C, 

pH2O=0.02–0.06 

MPa 

intrinsic 

Gerber BFB wood  
char as bed 

material 

Biba 
flow-through fixed 

bed 
coal O2/H2O elevated pressure 
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5 CALCULATIONS AND DISCUSSION 

 

All the found correlations are presented as a function of temperature, so this is the most 

important dependence. Other common variables are molar concentrations or partial pressures 

of the substances and carbon conversion X. Following initial values are used for the 

calculations. 

 

Table 11. Considered molar fractions and partial pressures of substances in the reactor 

 
CO2 H2O CO H2 CH4 C2H4 

Molar fraction x [-] 0.3 0.2 0.2 0.2 0.05 0.05 

Partial pressure p [Pa] 30397.5 20265 20265 20265 5066.25 5066.25 

 

Table 12. Other initial values 

variable symbol value unit 

density of char ρchar 1 kg/m
3
 

concentration of char cchar 83.33 mol/m
3
 

specific area of char Schar 15,000 m
2
/m

3
 

diameter of fuel particle dp 1 µm 

density of fuel particle ρp 400 kg/m
3
 

carbon fraction in coal FC 0.8 - 

 

If author has given other values, they are circumspectly used. Molar concentrations for 

components are calculated with partial pressures and they also depend on temperature. 

Values in Table 11 and Table 12 are assumed and might be unsuitable for some correlations 

that are made for certain fuel, gasifier, gasifying medium etc. It is very difficult to make 

assumptions for these values as they can vary very much in different experiments and some 

of the values in Table 12 are hard to predict without precise measurements. These values are 

not specifically for any certain fuel type but some general values that are used so that 

correlations could be somewhat reliably compared with each other. Composition in Table 11 

does not include nitrogen that would be present in air gasification. 

 

Following figures are plotted as a function of temperature and the carbon conversion is 0.5 if 

not otherwise mentioned in the previous chapter. In Fig 9 there are the water-gas reaction rate 

correlations as a function on temperature. All the correlations are converted in the same unit. 
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Fig 9. Water- gas reaction rates as a function of temperature 

 

Correlations in Fig 9 seem to give varying result for water-gas reaction. This is partially 

explained with the fact that the authors have used different fuels, gasifying mediums and 

gasifier types in their experiments. (See Table 10) Umeki (2010b) and Mendes have the most 

diverging reaction rates with Umeki growing in much higher and Mendes lower temperatures 

than other correlations. Commonly the temperature where the reaction rate starts to grow 

rapidly seems to be around 600 to 700 degrees.   

 

Mendes has otherwise exactly the same correlation as Petersen & Werther but the function 

g(X) makes the difference, as Mendes uses the fuel particle density. This value is so much 

higher than char density that reaction rate grows too. Also the second degree form of this 

function versus the first degree form of Petersen & Werther’s has a little effect. Although the 

symbols in the articles refer to different densities, both of them have still used the same 

reference so it seems unlikely that one parameter would be different. If the char density is 

inserted to Mendes’ correlation, the reaction rate starts to rise after 600 degrees like with the 

most of the other correlations.  
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In case of Umeki (b), the function g(X) with parameters X=0.5 and ε0=0.5 gives a value as 

little as 0.086. This inhibits the reaction rate effectively. If carbon conversion is lowered, the 

function approaches other correlation curves. If the whole term g(X) is 1, the curve moves on 

the left side of Petersen & Werther. Mann’s correlation also grows later than others. This is 

caused by the total pressure term. CO term is here with the concentrations and not the fixed 

value 0.368 that would lead to very low reaction rates. 

 

When examining some of the correlations of the same reaction as a function of carbon 

conversion in the Fig 10, the shape of the curve depends on the function g(X) or S(X). These 

functions are attached to the figure. The reaction rate of course depends on the whole rate 

correlation presented in Table 3. At 800 
o
C, these correlations have their top reaction rate 

when carbon conversion is zero. Level of the reaction rate depends on how high the rate is in 

chosen temperature. Umeki’s (2010b) reaction rate at 800 
o
C is clearly the lowest in previous 

figure of these three so it obviously has the lowest reaction rate also with carbon conversion. 

Curves have different forms and functions g(X) and S(X) have different parameters (ψ, ρchar, 

ε0) affecting the reaction rate, so comparison should be made with certain caution. 

 

Fig 10. Water-gas reaction rates as a function of carbon conversion at 800 
o
C 
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In Fig 11 the Boudouard reaction rates are presented with temperature dependence. 

 

Fig 11. Boudouard reaction rates as a function of temperature 

 

Boudouard reaction rate correlation curves are quite parallel and most of them seem to give 

uniform values for reaction rate rising after 700 to 800 
o
C. Mendes and Matsumoto give 

higher values with relatively low temperatures. Matsumoto used biomass char that was a by-

product of steam-oxygen entrained flow gasifier, so that can explain why with both reactions 

(water-gas and Boudouard) this correlation is among the first to give higher reaction rates. 

By-product char is already dry and contains little volatiles that cause rapid pyrolysis. By-

product char also has high reactivity due to the oxygen remaining in the char. Mendes gives 

again high reaction rates due to the g(X) function and dependence to the particle density. 

Again the correction of the density can be questioned. If the char density is inserted instead of 

particle density the rise with Mendes would start at 600 
o
C. 

 

Mani had a correlation that did not include concentrations or partial pressures. Used specific 

surface area in the figure is 160 m
2
/g. If the value is raised, reaction rate grows also. If 

specific surface area is ten times bigger, 1600 m
2
/g, reaction rate grows respectively and 
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curve moves close to Järvinen’s curve. In the other hand, if area is smaller than 100 m
2
/g, 

curve moves to the right side of Kajitani’s. 

 

The Boudouard reaction is also examined as a function of carbon conversion in Fig 12. Mani, 

Xu, Petersen & Werther and Kajitani are the chosen correlations for this figure. In contrary to 

Fig 10, Xu gives now all the time significantly higher reaction rates than Petersen & Werther. 

Kajitani has the same model S(X) as Xu but different part of the curve is seen in the figure. 

Mild top reaction rate is obtained with carbon conversion 0.4 on Kajitani’s curve while others 

reach the top rate when carbon conversion is zero. 

 

 

Fig 12. Boudouard reaction rates as a function of carbon conversion at 800 
o
C 

 

Shift reaction rate curves presented in Fig 13 are otherwise very consistent but due to the 

dampering factor 0.1, Petersen’s curve evens out. If the factor was one like with others the 

curve follows almost exactly de Souza-Santos’ curve. The highest point of the reaction rate is 

around 400 with Mendes and 300 
o
C with others. The temperature where the reverse reaction 

starts to occur is around 700 to 800 
o
C which is close to the point where the two previous 
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reactions start to accelerate. There is no clear alternative for shift reaction rate and 

researchers are satisfied with referring to same correlation. 

 

 

Fig 13. Shift reaction rates as a function of temperature 

 

In Fig 14 these three reactions can be more easily compared with each other. All the 

correlations are from Petersen & Werther so that different experiment conditions do not 

disturb the comparison. Dampering factor is here not taken into account as the majority of 

authors do not use it. As predicted earlier in the chapter 2.1.5 the water-gas reaction is faster 

than Boudouad. The difference is insignificant to 600 
o
C after which the rates rapidly start to 

rise. At 900 
o
C water-gas reaction is nine times faster than the Boudouard. Both water-gas 

and Boudouard reaction rates are still very slow compared to shift reaction. In reality, the 

change in some reaction affects other reactions, but these reactions rates do not react to each 

other. For example, if water-gas reaction rate grows, more CO is formatted. Added CO has an 

inhibiting effect on the Boudouard reaction. Changing concentrations also affect the shift 

reaction. Some assumptions can still be made from these figures. 
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Fig 14. Water-gas, Boudouard and Shift conversion reaction rates in the same scale 

 

In Fig 15 the two steam reforming of methane reaction rate correlations are plotted as a 

function of temperature. These two correlations give very different reaction rates. Umeki 

gives only negative values, but the rate is all the time quite insignificant. Mendes starts 

slightly on the positive side but after 700 
o
C goes rapidly negative. If the scale is set small 

enough, it can be seen that both of these curves have the same form, but otherwise it is hard 

so make assumptions of the real steam methane reforming reaction rate with these 

correlations. Again the density in Mendes’s correlation is daunting. With other reactions the 

symbol indicated to particle density but now it seemed as char density which is used in the 

figure. If the particle density is inserted instead, curve approaches Umeki’s curve. The ratio 

of reaction rates of Mendes and Umeki at 1000 
o
C would be only ten times as it would be 

5000 times if char density is used. 
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Fig 15. Steam reforming of methane reaction rates as a function of temperature 

 

Methanation reaction rate in Fig 16 is plotted in two figures because of the two different 

units. In the upper figure the Mendes’ curve is affected by the particle size. The bigger the 

particle size is, the lower the reaction rate becomes. In the Fig 16 the particle size is 60 µm. If 

the particle size is raised up to few millimeters Mendes’ curve drops down very close to 

Mann. These two figures of the same reaction in different forms do not give any confidence 

on how the reaction really proceeds. This reaction is expected in chapter 2.1.2 to be favoured 

by low temperature but all the curves rise with temperature. In case of both units there is one 

curve rising rapidly and one staying very close to zero so hardly any assumptions can be 

made based on these figures either. 
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Fig 16. Methanation reaction rates as a function of temperature (above) in unit mol/m
3
s (below) in unit mol/m

2
s 
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6 CONCLUSIONS 

 

In this study the gasification phenomena were briefly introduced along with the most 

common gasifier types. Multiple gasification reaction rate correlations were obtained from 

literature in order to determine the most important gasification reactions and their kinetics in 

atmospheric pressure.  

 

Reaction rates for water-gas reaction vary the most. Although all the curves have the same 

direction and shape, it is hard to determine the general temperature where the reaction rate 

starts to grow. When eliminating two curves from each side of the curve bunch leaving the 

five closest to each other (Umeki (a), Bi, Järvinen, Xu, and Petersen) a reasonable consensus 

is achieved with temperature of 700-800 
o
C. With Boudouard reaction there seems to be an 

area where some of the correlations accumulate. The reaction rate correlations from Umeki 

(a), Petersen, Xu, Corella, Mani and Kajitani all take a rapid rise between 800 and 1000 
o
C 

which is the working area of a fluidized bed gasifier. For shift reaction rate there is not much 

variation in the correlations and that leads to very uniform rate curves. Temperature where 

the reverse reaction starts to take place is around 700 to 800 
o
C. For other reactions reliable 

correlations were not found as they are often referred to be in low importance. 

 

Wide range of different symbols and variables are used in the correlations and there is no 

clear consensus of all the affecting factors. All the symbols and their usage are not clearly 

explained in the articles and there is also uncertainty with the units of the parameters and the 

final reaction rates. Reaction rates are only a small part of many models and that is why the 

purpose of each parameter is not properly explained. Assumed initial values may cause some 

correlations, like Mendes with particle density, to give regularly too high (or low) reaction 

rates because all the correlations do not use same variables. 

 

Fuel type and gasifying medium that has been used while determining the reaction rate 

correlation, has so strong impact on the reaction rates that they cannot be blindly compared 

with each other. Some of the experiments were also made in pressurized conditions which 

may cause error in the reaction rates as in this work the interest is in atmospheric pressure 

gasification. Correlations are also plotted to high temperatures to 1000-1200 
o
C and most of 

the correlations are not meant to work at so high temperatures. Many of them did give too 

high values at high temperatures. 
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Simpler form of the correlation does seem more appealing but it does not take in account of 

the inhibiting effects of the molar components. Also the changes in the fuel particle such as 

swelling or shrinking are not noted. Still, simple form is always easy to use, light for 

modeling programs and there is not much room for miscalculation. When many different 

parameters are used, the error multiplies as there is no certainty of the real values and they 

often have to be assumed. 

 

The purpose of this work was to determine the most important gasification reactions and to 

get some certainty about their reaction rates. Precise values cannot be obtained based on this 

study but the direction and behavior of water-gas, Boudouard and shift reactions seem to be 

as expected despite of the different approaches the authors had. Methanation and steam 

reforming of methane reactions do not seem to be in high importance in atmospheric pressure 

applications. There is though much doubt about the real reaction rates as found correlations 

were not reliable for these reactions.  
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