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Abstract 
This review critically examines the state of the art of rate laws and kinetic constants for the 
gasification, with carbon dioxide and steam, and the combustion of chars produced from wood and 
biomass, including a brief outline about yields and composition of pyrolysis products. The analysis also 
gives space to the role played by various factors, such as heating rate, temperature and pressure of the 
pyrolysis stage, feedstock and content/composition of the inorganic matter, on char reactivity. Finally, 
directions for future research are suggested.  
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1. Introduction 
Biomass is a renewable fuel and the fourth largest following coal, oil and natural gas. Compared with 
these fossil fuels, it has the advantages of being neutral in regard to the emissions of the green-house 
gas carbon dioxide, as this participates in biomass growth through the photosynthesis reactions, and 
reducing pollutant species generation, given the low sulfur and nitrogen contents. Thermal and 
chemical processes of biomass conversion consist of direct combustion, to generate heat and 
electricity, pyrolysis and gasification, to produce mainly liquid and gaseous fuels to be processed 
afterwards. Pyrolysis also plays an important role as the first chemical step in gasification and 
combustion. Indeed, it occurs at lower temperatures and, in numerous practical applications, solid 
conversion can be seen as a two-stage process: pyrolysis (or devolatilization) and slow heterogeneous 
conversion of char. Pyrolysis conditions highly affect the yields of char and its reactivity in combustion 
and gasification. Hence, low amounts of chars, associated with high yields of gaseous and vapor-phase 
(tar) products, and high char reactivity are key variables for the capacity of gasifiers and combustors. 
The heterogeneous reaction rates of char conversion are useful for design and development purposes 
as, to provide detailed process simulation, kinetic mechanisms should be coupled with the description 
of heat, mass and momentum transfer. Therefore, the intrinsic rate, that is, the rate of the reaction step 
free from heat and mass transfer limitations should be investigated. 
A huge amount of literature has been produced on the reactivity and the heterogeneous kinetics of coal 
and coal char gasification and combustion (reviews on this subject include, among others, Refs. [1-4]). 
The number of studies on wood/biomass char reactivity is comparatively much smaller. Many 
analogies exist between the two classes of combustibles but lignocellulosic chars are far more reactive 
than coals. As an example, the rate of steam gasification of biomass is about 4-10 times greater than 
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that of lignite, as a consequence of peculiar chemico-physical properties [5]. The volatile content of 
lignocellulosic fuels (typically 80-90%) is at least twice that of coal. The hydrogen/carbon and 
oxygen/carbon molar ratios vary between 1.3-1.5 and 0.5-0.6, respectively (versus 0.8-0.9 and 0.1-0.3 
for coals). Wood chars have porosities with values from 40 to 50% and pore sizes between 20 and 
30mm, whereas coals have porosities ranging from 2 to 18% and pore size around 5Å. Furthermore, the 
ash content is very low and the pore structure is highly directional, typical of that of wood and its intra-
fiber cavities [6].  
The production and properties of lignocellulosic chars have been reviewed in the comprehensive 
analysis by Antal and Gronli [7] and specific information on the combustion behavior can be found in 
[8-10]. However, kinetic modeling of the gasification and combustion reactions has not been given 
significant consideration. In this review the structural and kinetic contributions in the models of char 
reactivity and the kinetic parameters currently available are examined and compared. An outline is also 
provided of the main factors affecting char yield and reactivity taking into account the possible 
interactions between heat/mass transfer and chemical reactions.  
 
2. Char yields and reactivity  
In this section the influences of the thermal conditions on the pyrolysis products of lignocellulosic fuels 
are summarized and commented. The conditions are also discussed of combustion and gasification for 
the experiments motivated by kinetic analysis. Finally, a critical examination is provided about how 
char reactivity is affected by heating rate, temperature, pressure and residence time during pyrolysis 
and mineral matter content of the sample.  
 
2.1 Product yields from wood and biomass pyrolysis  
Pyrolysis of lignocellulosic materials gives rise to a huge number of chemical compounds which, for 
engineering applications, are lumped into three groups: permanent gases, a pyrolytic liquid (bio-oil/tar) 
and char [11-13]. They result from both primary decomposition of the solid fuel and secondary 
reactions of volatile condensable organic products into low-molecular weight gases and char, as they 
are transported through the particle and the reaction environment. Extensive information is available on 
product yields and composition from wood (poplar, beech, oak, maple, etc.) for fast pyrolysis carried 
out through fluidized-bed reactors (see, for instance, [14-21]) or other devices [22] and single thick 
particles or packed beds (see, for instance, [23-30]). The yields of pyrolysis products have also been 
evaluated for several agricultural biomasses (see, for instance, [31-39]) but, in this case, a detailed 
chemical characterization is provided only for the gaseous products.  
The yields of the three classes of pyrolysis products depend mostly on the particle heating rate and 
temperature of both particle and reacting environment although other factors, such as amount and 
composition of ash catalytically active, may also play an important role [40-43]. Fast heating rates, 
temperatures below 750-800K and short vapor residence times (usually 0.5-2s) are applied to maximize 
the yields of primary tars [44] and thus bio-oil [22]. This process is commonly indicated as fast 
pyrolysis, but the definition of the thermal conditions is, at a certain extent, only qualitative because the 
actual heating rate and temperature experienced by particles during conversion cannot be easily 
evaluated. Indeed, apart from the influences of the particle properties (size, moisture content, initial 
density, etc.), the external heat transfer rate depends not only on the conversion unit but key variables 
are also the reactor design, the feeding modality and the operating conditions. Moreover particle 
conversion is a highly unsteady process, so that the thermal conditions inside and outside the particle 
vary continuously in time [13]. For the higher temperatures of gasification, secondary reactions [44,45] 
of primary tar vapors become active which cause cracking and polymerization. However, owing to 
physical or geometrical limitations of the reactor and the chemical limitations of the reactions involved 
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[46], tars are not completely converted and, to avoid fouling and corrosion problems during gas 
utilization, cleaning and conditioning are required. 
Conversion of relatively thin (below 6mm) particles in fluidized-bed reactors with short residence 
times of volatiles [14-20] can be considered to occur under conditions of fast heating whereas the 
experiments conducted with single thick particles (for instance, see [29] for 4cm thick cylinders) and 
packed-bed reactors (for instance, see [30] for a reactor diameter of 6cm) can be considered examples 
representative of slow heating rates. For comparison purposes, the yields of the three classes of 
pyrolysis products, as measured by these two groups of studies and expressed as percent of the initial 
dry wood mass, are reported in Figs. 1-3 as functions of the external (heating) temperature, Te, (solid 
and dashed lines are used to indicate the range of variation, for a given temperature, of the yields for 
fast and slow pyrolysis, respectively). In principle, differences can be due to reactor design (external 
heat transfer rates), operating conditions (volatile residence times, particle characteristics) and wood 
type. However, the first two factors are predominant, given that the differences between wood species 
belonging to the standard hardwood or softwood categories are relatively small [29]. In general, high 
lignin (softwoods) and/or extractive contents, which are associated with a high carbon content, result in 
higher yields of char.  
As the heating temperature increases, the char yields initially decrease, as a result of a competition 
between the primary reactions of char and volatile formation, with the latter becoming successively 
more favored [13]. Then, at high temperatures, they tend to become constant, because the variation in 
the actual degradation temperature of the solid (in relation to the external heating temperature) 
becomes small, due to the narrow range of temperatures characteristic of biomass pyrolysis, and heat 
transfer resistance through the packed bed or the particle. Moreover the temperature directly and 
indirectly, through variations in the release rate and residence time of volatile products, also influences 
the activity of secondary reactions (formation of secondary char, permanent gases and light organic 
compounds) [13]. The yields of liquid products present a maximum, caused by both primary volatile 
formation and secondary degradation of tar vapors enhanced by high temperatures. In accordance, the 
yield of gas continuously increases with temperature.  
Although the trends shown by the product yields on dependence of the heating temperature are the 
same, the reduction in the heating rate, from the set of fluidized-bed data to those of single thick 
particles and packed-bed reactors examined here, plays an important role from the quantitative point of 
view. It can be seen that the rates of increase (low temperature) of the liquid yields are much faster for 
fluidized-bed conversion, because the smaller particle sizes and the faster external heat transfer rates 
actually give rise to faster heating rates of the solid and higher temperatures for the primary 
decomposition reactions. In this way, the devolatilization reactions are successively more favored with 
respect to char formation. It can also be observed that, for high external heating temperatures, the rate 
of decrease in the yields of liquid products is again faster for the fluidized-bed data. This is because the 
distribution of volatile products is mainly dictated by extra-particle secondary reactions, which occur in 
the reacting environment at temperatures much higher than those of the vapor phase in the single-
particle reactor or in the free-board region of the fixed-bed reactor. In this case, secondary reactions 
essentially take place only across the particle and the packed bed (for the first, structural failure, 
fissures and cracks highly reduce the intra-particle residence times of vapor-phase species). High 
temperatures favor the cracking of tar vapors, which result in a rapid decrease in the yields of liquid 
products and an increase in the gas yields. The comparison between the two sets of data also shows 
that, for temperatures below 750K when the activity of secondary reactions for gas formation is 
negligible, the yields of gas are small and roughly constant. In other words, the variations in the yields 
of liquid products are compensated by variations in the yields of char only.  
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From the quantitative point of view, results plotted in Figs. 1-3 show that, for fast pyrolysis, maximum 
liquid yields are attained for heating temperatures of about 750-800K and vary between 65-75%. For 
slow pyrolysis, maximum values are maintained over a wider temperature range (750-950K) and are 
lower (45-55%). The char yields are significantly affected by both heating rate and external 
temperature with ranges of values roughly between 28-8% (fast pyrolysis) and 40-20% (slow 
pyrolysis). As anticipated, char is a product of both primary and secondary reactions, although the 
quantitative understanding of the latter process is very limited [7,47,48]. Boroson and coworkers [49], 
in their experiments on homogeneous tar cracking, do not report significant yields of char and suggest 
that its formation may require high concentrations of tar vapors (re-polymerization of low-volatility 
intermediates) or participation of the condensed phase (liquid-phase reactions of tar). In another study 
[50], where the conversion of primary tars induced by contact with char is investigated, it is reported 
that heterogeneous conversion corresponds to about 14±7% of tar. Furthermore, small quantities of 
coke, generated from tar conversion, are deposited on the char bed, as can be understood by observing 
the reduction in the surface areas of chars responsible for the different extent of tar conversion. It is 
postulated that a tar fraction (about 35%) exists which is highly resistant to vapor-phase cracking for 
temperatures above 873K, contains oxygen and is probably more aromatic than the whole tar. Lignin is 
indicated as the major source of this tar fraction. However, it is well known that an important source 
for secondary char is also represented by vapor-phase reactions of carbohydrates, specifically 
levoglucosan [51-54]. High concentration (pressure) of tar vapors, prolonged vapor-phase residence 
time in the reaction zone and high temperature affect positively the formation of secondary char. Some 
information on this process can also be gained from the studies on the devolatilization behavior of bio-
oil samples subjected to moderate heating (5K/min up to 600K) [55-57], where char yields are roughly 
25-40% of the initial oil mass. Secondary char formation is directly linked with the pyrolytic lignin 
content of the oil but the cellulose oil (and thus carbohydrates) gives rise to yields of secondary char 
about twice higher than those obtained from the wood and biomass oils [58].  
Product yields as functions of temperature show the same qualitative trends for wood and biomass, but 
quantitative differences are large. Biomass, especially agricultural residues, always give rise to larger 
yields of char (a comparison between wood and various agricultural biomasses is provided in Fig.4 for 
a packed bed exposed to several heating temperatures [35]), attributed to higher lignin (and carbon) 
contents and/or larger amounts of inorganics which favor charring reactions and displace towards 
lower temperatures the beginning of the decomposition process [31,34,35]. As a consequence of the 
higher char yields, liquid yields are lower whereas the variations in the gas yields are generally small. 
In general variations in the product yields are the result of differences in both chemical and physical 
properties, although the former seem to have a predominant role. On the other hand, the size and 
density of the particles (and that of the bed in the case of packed-bed reactors) are the main factors 
affecting the pyrolysis time [35].  
 
2.2 Composition of volatile products of wood pyrolysis 
Detailed chemical analyses are available of both gaseous and liquid products of wood pyrolysis. The 
pyrolysis gas consists mainly of CO2, CO, CH4 and lower amounts of H2 and C2 hydrocarbons [14-
20,29,30]. Gas composition also remains qualitatively the same for biomass, although generally 
characterized by higher yields of CO2 [31,34,35]. The yields of CO2 and CO for slow and fast 
pyrolysis of wood are compared in Figs.5-6. At low temperatures, the evolution of CO and CO2 (and 
water vapor) is due mainly to the degradation of extractives and hemicellulose and the activity of the 
first path in cellulose degradation, leading to gas and char formation [11,12,59]. As temperature 
increases, the formation of tar vapors from cellulose becomes predominant, while lignin degradation 
also attains fast rates. This process is largely responsible for char formation and the evolution of CO2, 
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CO, CH4 and H2. From the quantitative point of view, the hardwoods (lower lignin contents) are 
characterized by CO2 yields higher than those of softwoods, whereas the yields of CO and CH4 are 
comparable. As already observed, for low temperatures, the heating rates of the solid exert a weak 
influence on the yields of the gaseous species. The chief differences between the two sets of data are 
seen at high temperatures and result from differences in the residence times of tar vapors which modify 
the activity of secondary reactions.  
The effects of secondary reactions of tar decomposition on the gas yields and composition have been 
investigated by several researchers (among others, [45,47-54,60-64]) and a review about the global 
kinetics of tar cracking is available [13]. It is observed that carbon dioxide is a product of both primary 
and secondary reactions (it can account up to 14% of tar converted [45,49]). Carbon monoxide and 
methane are produced in small quantities from primary reactions. A large part of their production, with 
acetylene, ethylene, ethane and hydrogen, arises from secondary decomposition. In particular, the 
yields of carbon monoxide and methane present an almost linear increase with temperature for values 
above 950K [45]. As carbon monoxide may account for about 50-70% of tar conversion (methane and 
ethylene account for 11 and 12%, respectively), it is suggested [49] that its concentration can be 
considered as an indicator for the extent of secondary reaction activity. However, Morf and coworkers 
[45] observe that the yield of hydrogen may be even better for such a scope given that it presents an 
exponential increase with temperature. High temperatures of the reaction environment also make 
possible a contribution from methanation and water gas shift reactions and interactions between the tar 
species and other reactants on the composition of the gas [45,64].  
The yields of water are significantly affected by the particle heating rate, as shown in Fig.6, where 
results obtained for wood pyrolysis in fluidized-bed reactors [14-16,19] and a fixed-bed reactor [30] 
are reported. It can be seen that, in the former case, they are roughly comprised between 10-18% of the 
initial dry wood mass, whereas in the latter case they are between 17-25%. Water is also a product of 
the reactions of tar degradation and so its yield increases with temperature [20,65]. Hence, similar to 
the CO and H2 yields, it has also been indicated as a means to evaluate the extent of secondary reaction 
activity and the quality of the pyrolysis oil.  
A qualitative analysis of the composition of the wood pyrolysis liquids, obtained for different thermal 
conditions, is presented by Evans and Milne [66,67]. The nature of liquid products from pyrolysis and 
gasification depend not only from the biomass type, but mainly from the conversion technology, that is, 
the severity of the thermal treatment [45,66-68] and the presence of char and other catalysts [49,50,69-
71]. Primary vapors (oxygenates) are associated with reaction temperatures below 673-773K, followed 
by hydrocarbons or secondary tars for temperatures up to 1123K and aromatic or tertiary tars above 
1123-1273K. In this way, liquids produced from fast pyrolysis reactors and updraft gasifiers [30] 
usually present a chemical composition typical of primary products. On the other hand, secondary and 
tertiary compounds of tar are predominant in the high temperature fluidized-bed, entrained-bed and 
downdraft gasifers. 
Chemico-physical characterization of liquids generated from low-temperature processes (primary tars) 
has received significant attention and a review on these aspects has been recently produced [72], given 
their strategic importance as substitute fuel oil or for chemicals production [73]. From a chemical point 
of view, wood fast pyrolysis oils typically are a mixture of 30% water, 30% phenolics, 20% aldehydes 
and ketons, 15% alcohols and 10% miscellaneous compounds [73]. Studies on cellulose and other 
model compounds focused on product analysis report that levoglucosan, acetic acid, formic acid and 
hydroxyacetaldehyde are the chief products. Production of the latter is enhanced by the presence of 
alkali-metallic salts to the cellulose samples and occurs mainly at the expense of levoglucosan. Mild 
acid wash of cellulose or wood, by partial removal of the inorganic matter content, causes an increase 
the yields of levoglucosan. Pyrolysis products are qualitatively similar from both cellulose and 
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hemicellulose. The hydroxy-phenolics, guaiacols and syringols are derived from the lignin building 
blocks. Although the majority of studies on wood fast pyrolysis examines the chemical composition of 
the liquids only for optimal conditions (maximum liquid yield), some information is available [30] for 
the yields of about forty compounds on dependence of the heating temperature for slow pyrolysis of 
beech wood in a packed-bed reactor (yields already shown in Fig.3). The most abundant species, over a 
range of heating temperature of 600-900K, are acetic acid (4.8-5.5%), hydroxypropanone (1.1-1.6%), 
hydroxyacetaldehyde (0.7-2.3%), levoglucosan (0.2-0.8%), formic acid (0.4-0.6%), syringol (0.3-
0.4%) and 2-furaldehyde (0.3-0.35%) (Fig.7). All the classes of compounds present an initial increase 
with temperature, reflecting the primary degradation of wood components, but secondary reactions in 
the vapor phase also take place, as testified by the maxima reached by furans, guaiacols and syringols. 
It is also evidenced [30] that faster heating rates enhance the formation of levoglucosan and 
hydroxyacetaldehyde with a diminution in the yields of carboxylic acids.  
Compared with low-temperature pyrolysis, a minor number of studies is focused on tars generated from 
high-temperature gasification of wood [44,45,66,67,74-77]. The transition from primary products to 
phenolic compounds and aromatic hydrocarbons, precursors of particulate matter formation, on 
dependence of the thermal severity is examined by Evans and Milne [44]. The authors suggest that "the 
decision to run a gasification system at high severity to crack tars should be balanced by a 
consideration of the tars that remain. The condensed aromatics in tertiary tars are harder to remove than 
the larger amount of primary or secondary tars produced under less severe gasification conditions".  
Although, as anticipated above, the yields of pyrolysis products have also been evaluated for several 
agricultural biomasses, in this case, information on the chemical composition of the pyrolysis liquids is 
not provided or limited only to the identification of the chief functional groups by means of Fourier 
transform infrared (FT-IR) techniques. The majority of these analyses is focused on one biomass only 
and no comparison is given with wood that can be considered as a sort of reference fuel. Furthermore, 
pyrolysis tests of the various feedstocks have been executed with different reactor configurations and 
experimental conditions. Hence, the consequent variations in the actual conversion conditions, which 
cannot be easily quantified, hinder the comparison between the samples examined. 
 
2.3 Char reactivity 
Solid reactivity studies, useful for kinetic analysis, are mainly based on thermogravimetric 
measurements. Given the small sample amounts and the relatively slow heating rates, the weight loss 
versus temperature curves show several sequential zones, as in the example for waste wood exposed to 
nitrogen, air or carbon dioxide of Figs.9A-9B obtained with the data provided in [78]. The first zone of 
rapid (temperatures below 630K) weight loss (conversion up to 65%) is the pyrolysis (or 
devolatilization) stage, whose characteristics are affected by the presence of oxygen in the reaction 
environment. Char oxidation, adjoining solid pyrolysis, is completed at about 750K while char 
gasification with CO2 does not occur significantly for temperatures below 1000K. Rates of steam 
gasification are faster than those with CO2 (factors of about 2-5 for wood char [79,80]) and the gas has 
a higher calorific value. In any case, char gasification rates are always much slower than char oxidation 
rates which, in turn, are slower than solid devolatilization rates (for instance, see also [81]). Hence, 
combustion and especially gasification kinetics of wood and biomass is generally investigated with 
separate experiments for solid devolatilization and char conversion. Char conversion is more 
complicated than solid devolatilization as it is an heterogeneous process where the surface is the 
location of the chemical reactions [82].  
Weight loss curves of lignocellulosic fuels in air, measured under dynamic conditions, are reported by 
several studies [83-98]. As anticipated in Figs. 9A-9B, two sequential zones appear corresponding to 
solid devolatilization and char oxidation. Also, from the qualitative point of view, the features of the 
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devolatilization stage remain unchanged with respect to those already extensively discussed in previous 
reviews [13,59,99]. In quantitative terms, the presence of oxygen has been observed [86,90,91,95] to 
anticipate and to increase the devolatilization peaks attributable to the components of lignocellulosic 
fuels. A comparison between curves obtained in air and inert atmosphere shows that the hemicellulose 
shoulder and the cellulose peak occur at lower temperatures (about 15K and 25-35K lower, 
respectively). Moreover, the cellulose peaks are about 1.5 times higher. In the absence of oxygen, the 
peak rate is followed by a wide region of very low values, essentially as a result of lignin 
decomposition [59,99]. In the presence of oxygen, given the relatively high temperatures, it is plausible 
that the activity of the combustion reactions is already important even before the second peak in the 
weight loss rate is observed.  
Char combustion also takes place according to a multi-step process [100-107]. Weight loss starts at 
relatively low temperatures even in inert atmospheres with the formation of gas (mainly CO and CO2) 
and small amounts of aerosols [106] (char devolatilization). More specifically, low-temperature 
cellulosic chars [100] undergo devolatilization according to three sequential stages, corresponding to 
the pyrolysis of partially decomposed and intact glycosyl units and decomposition of paraffinic and 
carbonyl groups. Chars obtained at temperatures above 673K only show the last stage (for a 
comprehensive analysis of these aspects see Antal and Gronli [7]). Moreover, fast heating rates during 
pyrolysis and higher temperatures during conversion reduce the importance of devolatilization with 
respect to oxidation during char conversion [104]. 
Char devolatilization, though not accompanied by significant weight loss, produces a more stable and 
relatively ordered carbon structure [100,108]. Moreover, it may be an important route for the formation 
of aromatic compounds [109] for low temperature processes such as smoldering combustion and slow 
pyrolysis. Indeed, for cellulosic chars, aromatic compounds (benzene, toluene, naphthalene, 
anthracene) are detected between 673-873K, whereas above 873K methane, benzene, hydrogen and 
carbon monoxide also appear.  
A first stage of devolatilization is also observed [110,111] during the combustion of biomass chars for 
conditions simulating pulverized fuel-fired boilers (nominal particle size 75-106 mm and gas 
temperature around 1600K). It leads to the removal of amorphous material and the release of a large 
part of the H and O content of the char (formation of CO, CO2, H2O and minor amounts of 
hydrocarbons and other gases). Successively, combustion takes place together with transformations of 
the inorganic constituents, that is, vaporization (especially Na and K), surface migration and 
coalescence, and the incorporation of metals (particularly Ca) into silicate structures. Finally, towards 
the conclusion of the conversion process, inorganic constituents are transformed from amorphous 
phases to crystalline forms. On the whole, a decrease in the char reactivity during conversion is 
observed, as the more reactive carbon is preferentially depleted and the transformation of the inorganic 
constituents reduce their catalytic activity.  
Contrary to the case of biomass or char oxidation where thermogravimetric curves are measured under 
dynamic conditions, static (isothermal) data are mostly produced for the analysis of the gasification 
kinetics which essentially considers char samples. The experiments foresee a period of char pre-heating 
(in N2) up to high temperatures (1273K), a retention period (10 min) and cooling down (25K/min) to 
the desired temperature still in an inert environment (figures are those in [112]). Finally, the 
gasification tests are carried out under isothermal conditions at selected temperatures, to provide data 
for kinetic analysis. The char gasification rate depends on temperature and concentration of reactants 
and varies with the conversion degree (for instance, [112,113]). Furthermore, the presence of CO and 
H2 inhibits char gasification in atmospheres bearing CO2 [112,114-116,] and H2O [114,115,117,118], 
respectively. These effects may be quantitatively very important. For instance, the presence of 30% CO 
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or H2 in the gas reduces the char reactivity by a factor of about 10 or 15 for CO2 or H2O gasification 
with no CO or H2 content [116,119]. 
The overall kinetics of char conversion is measured via the reactivity [1,112,116,119,120], R,: 
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(M0 and M�  are the initial and final values of the sample mass). 
It is recognized that the heterogeneous rates of char conversion are determined by the total surface 
area, the number of active sites per unit surface area, and the local gaseous reactant concentration. 
Consequently reactivity depends on three chief characteristics of the sample: chemical structure, 
inorganic constituents and porosity. To understand the reactivity of solid/gas reactions, the detailed 
interactions between the two phases should be taken into consideration. For a given position of the 
surface within the char particle, the local heterogeneous reaction rate is determined by the local value 
of the gas concentration [1] and it is a measure of the intrinsic surface rate of the solid/gas reaction (the 
intrinsic rate is per unit internal surface area whereas the overall rate (eqn.1) is per unit particle (or 
sample) mass). For lignocellulosic fuels the reactivity generally increases with conversion, as shown in 
Fig.8 for biomass chars while undergoing combustion for the conditions typical of dynamic thermal 
analysis [121]. However, a maximum or a minimum may also appear in the reactivity versus 
conversion curves. 
 
2.4 Kinetic and mass-transfer control 
When neglecting the devolatilization stage, the reactivity of a solid particle is governed [118] by: 1) 
film diffusion of oxidizing/gasifying agent, 2) diffusion through the ash layer and the particle, 3) 
adsorption onto the reaction surface, 4) chemical reaction, 5) desorption of product gas from the 
surface, 6) diffusion of product gas through the particle and the ash layer, 7) film diffusion back into 
the ambient gas. Apart from the surface chemical reaction (item 4), the remaining are mass-transport 
steps. Based on the Thiele modulus (ratio of the overall reaction rate to internal diffusion rate) and the 
effectiveness factor (ratio of the actual reaction rate to that which would occur if all the surface 
throughout the internal pores were exposed to the gaseous reactant at the same conditions as that 
existing at the external surface of the particle) [122], three main regimes are introduced in solid 
conversion [1,8,9,82,123-126].  
For the regime I, the Thiele modulus should be small and the effectiveness factor should be ideally 
unity [3]. This regime is established for low temperatures and char particles so small that the diffusion 
rate is much faster than the chemical reaction rate (kinetic control). Conversion occurs throughout the 
particle with changes in density but with a constant size (conversion time and reaction rate independent 
of the particle size). Diffusion effects during char gasification may be important even for the conditions 
typical of thermogravimetric analysis [127-130]. An extensive analysis [129] about the effects of 
particle sizes (0.06-2.1mm olive stone particles), CO2 partial pressure (20-50kPa) and temperature 
(1073-1223K) shows that they cannot be neglected unless very small-sized particles (0.06mm) and 
moderate temperatures are considered (typically below 1023K [131], 1173K [132], 1223K [129]). 
Also, given that the role played by diffusion is a function of the conversion degree, it is suggested that, 

(1) 

(2) 
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before kinetic evaluation, an assessment of these effects should be made for the entire range of 
conversions and operating conditions.  
Once the particle size is increased, it is likely that the rate of gaseous species diffusion in the pores 
becomes comparable to the reaction rate, leading to a limited gas penetration into the char. When intra-
particle mass transfer is the controlling process (regime II) there is only a limited penetration of the 
gaseous reagent into the particle, the Thiele modulus is much greater than unity and the effectiveness 
factor much less than unity. Conversion is confined to the exterior surface of the particle, the size 
diminishes with no apparent change in density. Consequently the reaction rate is proportional to the 
external surface of the particle and the conversion time to the particle diameter. For control by external 
mass transfer from the bulk gas to the external surface of the particle (regime III), where the reaction 
takes place, the char shrinks at constant density. The reaction rate is proportional to the external surface 
of the particle and a mass transfer coefficient. 
Heat transfer may also play an important role in char conversion, as the exothermicity and 
endothermicity of combustion and gasification, respectively, may enhance the temperature gradient 
between surface and core of the particle, especially for thick particles and severe heating [121,133]. 
Both mass and heat transfer effects are enhanced by high temperatures. In fact, given the exponential 
increase in the reaction rate, in the absence of an adequate increase in the supply of the gaseous reagent 
and a reduction (combustion) or an increase (gasification) in the rate of external heat supply, the 
differences in temperature and gas concentration between the bulk of the gas and the reaction sites also 
increase.  
The high exothermicity of char combustion also causes uncertainty in both particle temperature and 
active site concentration [1] and may give rise to reaction rates much faster than the typical response 
time of measuring devices and feedback control systems in kinetic analysis [121]. Also, the attempts 
made to reproduce the high external heating rates encountered in combustion at a laboratory scale 
[134] "would result in mass/heat transfer controlled conditions for the laboratory equipment of the 
kinetic measurements, and the results would reflect the hydrodynamics of that specific piece of 
equipment instead of the true combustion rate". The occurrence of homogeneous reactions in the gas 
phase surrounding the particle depends on temperature, pressure and size of the particle, thus further 
complicating the interpretation of the data. CO and CO2 are products of char oxidation but their yields 
vary with the operating conditions. In particular, CO formation is favored at high temperatures, 
whereas CO2 may be a product of both char or CO oxidation. The ratio CO/CO2 is generally correlated 
by an Arrhenius rate expression [1].  
  
2.4 Factors affecting char reactivity 
Char reactivity is affected by the morphological structure which, for a given fuel, is especially 
influenced by the release rate of volatiles, that is, the pyrolysis conditions, and the amount and 
composition of inorganic matter [135]. The effects of pyrolysis conditions on the properties and 
reactivity in air of lignocellulosic chars have been investigated in several studies in relation to the 
following parameters: heating rate, temperature, residence time and pressure.  
High heating rates during pyrolysis produce a more reactive char for both oxidation [134,136] and 
gasification [79,113,114,137-140]. From the quantitative point of view, variations in the heating rate 
during pyrolysis between 1 and 300K/s for a final temperature of 873K result in a time needed for 
complete oxidation of small-sized pine wood char particles decreased by about one order of magnitude 
[134]. As for gasification with steam or carbon dioxide, chars produced from birch wood at fast (free-
fall reactor) and slow (thermobalance) heating rate present a variation in the reactivity by factors of 
about two-three [137]. Also, for char particles produced from 10mm thick beech wood, the times for 
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complete gasification (20% steam in N2 at 1200K) vary in a ratio of 1-2.6 for external heating rates 
between 2.6-900K/min during pyrolysis [79]. 
While, for slow heating rates, volatile pyrolysis products are released through the natural porosity and 
no major change takes place in the particle morphology [141], for fast heating rates the original cellular 
structure is lost [142] as a consequence of melting phenomena [138-140]. Fast volatile release produces 
substantial internal overpressure and coalescence of the smaller pores, leading to large internal cavities 
and a more open structure of both wood [136] and lignin [138]. Hence, for pyrolysis carried out at 
atmospheric pressure, chars produced at slow heating rates mainly consist of a micropore structure 
whereas those obtained with high heating rates mainly present macropores [136,138-140]. An analysis 
of the literature review on coal chars [79] leads to the conclusion that the surface area developed by 
mesopores and macropores is a better indicator for the reactive surface than the total surface area also 
including the contribution of micropores (below 2nm) which probably do not participate in the 
reaction. Therefore, the increase of the char reactivity with the heating rate during pyrolysis can be 
explained by the occurrence of gasification reactions mainly on the surface of large pores [138] which 
may also be associated with a higher total surface area [139-140] and/or a higher concentration of 
active sites [138]. It is, however, important to point out that the reported surface area values are 
affected by the measurement technique (N2, Ar or CO2 adsorption or Hg intrusion) [79].  
The increase in the maximum rate of weight loss and volatile yield observed at high heating rates 
during pyrolysis also make shorter the residence time of tar vapors in the pores, thus reducing the 
activity of condensation reactions [142] and preventing char agglomeration and condensation of 
fragments on the char surface [138]. These fragments provide lesser active reaction site concentration 
than char formed from primary reactions of wood decomposition [113]. The reduced activity of 
condensation reactions during pyrolysis of wood blocks subjected to microwave heating [143], which 
results in the absence carbonaceous deposits over the microporous char structure, is also observed to 
produce chars with a higher specific surface area (factors of about 2.5 compared with conventional 
heating). Some considerations can also be made in relation to the physical structure of chars produced 
from primary and secondary reactions, taking as representative of the latter, those produced from bio-
oil devolatilization [55-58]. In this case it can be observed that microporosity is completely absent and 
the solid surface of the char is compact, glossy and brittle with the presence of intact or burst bubbles. 
Moreover thermogravimetric measurements [56] show that the peak of the combustion reaction is 
reduced (with respect to a primary char produced under fast heating) up to factors of about 2.5 and 
retarded by about 30-60K.  
In terms of elemental composition, rapid heating during pyrolysis causes a weak diminution in the C 
content (to the advantage of H and O) of the char [7], but differences tend to disappear at high 
temperatures. The observation of the char microstructure confirms the presence of larger amounts of 
oxygen containing groups [142] and, in general, higher contents of hydrogen and oxygen [136] which 
are related to the availability of active sites and thus to enhanced reactivity [1]. In particular, char 
oxidation experiments [136] show that the CO/CO2 ratio is always lower for char produced at slow 
heating rates (the more ordered the char structure the lower the oxygen content of the char). A smaller 
amount of the surface is covered with stable carbon-oxygen C(O) complexes in favor of reactive 
complexes, so that a faster rate of CO2 formation is established (and a lower CO/CO2). Moreover, fast 
decomposition seems to produce defective carbon microcrystallites having a higher concentration of 
active reaction sites [113]. The heating rate established during pyrolysis is also a function of the 
particle size so that, for thick particles, the heating conditions are different on the surface and the more 
internal zones [114]. Hence, it is easily understandable that the reactivity decreases for char produced 
from thick [144] or densified [145] samples. Variations in the final pyrolysis temperature between 773-
873K (values of interest in fast pyrolysis) or the retention time (20-100s) do not appear to play an 
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important role on the combustion reactivity of small sized char particles [134]. The negligible role 
played by this range of final temperatures is also found [104] for chars produced from thick particles of 
different wood species. Higher temperatures (above 1073K) cause a significant diminution in the char 
reactivity as reported for both combustion [136,146,147] and gasification [113]. Indeed, the specific 
surface area slightly increases with the devolatilization temperature up to values of 1078K and then 
decreases, owing to structural ordering and micropore coalescence, with thermal deactivation (or 
thermal annealing) of the char [136]. Similar to the influences of pyrolysis conditions on char 
reactivity, a high heating rate during char pre-heating (before attaining the gasification temperature) 
also increases the reactivity [148], but prolonged exposure of char to high temperature reduces the 
reactivity by thermal annealing [149].  
 The C content of char becomes successively higher as the pyrolysis temperature is increased. For 
instance, for pine wood and fast pyrolysis [19], it is comprised between about 78 and 89% as the 
heating temperature is varied from 722 to 835K. Hence, the increased structural ordering of the carbon 
matrix with temperature [109] is responsible for lowering the concentration of reaction sites [113]. 
Increasing the solid residence time provokes effects similar to temperature, again improving structural 
ordering in the resulting char [113,150]. Similar results are also reported for black liquor char [149] 
with a reduction in the porosity (and surface area) and a rearrangement of the char structure at a 
molecular level. Furthermore, in the presence of CO, it is suggested that deposition of solid carbon, as 
a consequence of the reaction 2CO� C+CO2, causes a decrease in the initial rate of gasification.  
Decreasing the (external) pressure during pyrolysis gives rise to higher reactivities of wood chars in 
carbon dioxide bearing atmospheres [139,140,148]. From the morphological side, larger cavities with 
thinner walls inside the char particles are formed, probably also owing to swelling and, at high heating 
rates, formation of clusters associated with melting and fusion [139,140]. The increase in the reactivity 
with the decrease in the external pressure during pyrolysis is attributed to a larger surface area and a 
reduced graphitization in the char structure [139,140] or a higher content of oxygen [148]. 
Furthermore, it should be noted that this result is consistent with the lower reactivity of char generated 
by secondary reactions of tar in the vapor phase, whose amount is highly reduced for pyrolysis carried 
at low pressures [113] and, in general, by short residence times of tar vapors inside the pyrolysing 
particle [13]. Char obtained by vacuum pyrolysis is also a more suitable feedstock for activation with 
steam compared to char produced at atmospheric conditions, again as a consequence of the limited 
presence of carbonaceous deposits on the surface and inside the char particles, resulting from the 
partial adsorption of hydrocarbons formed during the devolatilization stage [151]. 
Indigenous inorganic matter may act as catalyst and improve the efficiency of biomass gasification and 
combustion, although the catalytic activity is affected by metal dispersion (sintering), depending 
among others on the pyrolysis conditions [152] and the mode of their occurrence (as minerals (mainly 
in coals), salts or organically bound compounds (biomass)) [147]. Alkali metals, such as sodium and 
especially potassium, which is present in larger amounts, are known to be active catalysts for the 
oxidation reactions [147,153]. The oxides and salts of alkaline (Na, K) and alkaline earth (Ca, Mg) 
metals are also good catalysts for steam gasification of carbon [5]. A significant number of char 
samples of different origin show gasification rates in CO2 linearly dependent on the concentration of 
the dominant metals in ash (potassium and calcium) [154]. Alkali metals also catalyze the 
polymerization reactions of tar vapors, during pyrolysis, thus increasing the yields of chars which also 
become less porous and accessible to gaseous reagents [135].  
A confirmation of the important role played by mineral matter on the reactivity of char is obtained by 
examining the effects of pre-treatments consisting of water or mild acid leaching, which cause partial 
demineralization (see, for instance, [42,155,156]). Chars produced from leached biomass present a 
higher surface area with respect to those generated from untreated samples [105]. However, oxidation 
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and gasification reactivities are significantly reduced [42,105,147,157] (for instance, factors of 30-40 
are reported for straw char combustion [147]). In other words, water- or acid-soluble minerals have a 
higher influence on char reactivity than the surface area does.  
The ratio between carbon and the catalytically active substances is another important parameter for the 
char reactivity in relation to both gasification [157,158] and oxidation [121]. Indeed, the char reactivity 
increases with conversion, at low and intermediate levels, essentially as a consequence of the increase 
of the surface area during the course of gasification. At high conversion levels (beyond 70%) a very 
steep rise is generally observed, which cannot be plausibly explained by the development of the surface 
area, but may be attributed to an increased catalytic effect of the metallic constituents (mainly 
potassium and lower amounts of sodium) of ash, following the increase of their concentration during 
char conversion (see Fig.8). 
Inorganic matter may also cause an increase in the char reactivity only up to certain temperatures, 
followed by a diminution owing to modifications in the chemical occurrence of the catalysts and/or 
changes in the char structure [147,152,153,159]. For peat char [114], the steam gasification rate 
increases to a maximum before decreasing as a function of conversion, as a consequence of the 
progressive deactivation of active substances such as calcium. Deactivation can result from sintering 
and agglomeration, the formation of new mineral compounds or the occurrence of reactions between 
the mineral compounds and the gasifying agents. The changes in the oxidation rate versus temperature 
observed for chars from pectins/uronic acids are also attributed [160] to modification in the alkali 
metals. These bound in pectins initially as the salt of uronic acid group decompose (at 573-673K) to 
produce a metal complex in the char which apparently inhibits/shields the carbon char from oxidation. 
Temperatures above 873K are required to decompose the metal-char complex and to permit the 
oxidation of surrounding carbon.  
Although ash elements can exert a catalytic role on the reactivity of char, their presence can decrease 
the porosity to such an extent that the active surface area is also highly decreased [135]. For instance, 
in the case of bark char [107], the large presence of calcium and transparent solidified material over the 
porous surface and the reduced porosity, with respect to wood char, certainly contribute to diminish the 
extension of the active surface area and, through this, the apparent reactivity of the material. Indeed, it 
is easily understandable that the more internal structure becomes hardly accessible to the gaseous 
reagents for the heterogeneous reactions. 
Differences between the reactivity of chars obtained from different wood species are small [104,119]. 
In relation to this issue, De Groot and Shafizadeh [161] write that "the distinction between hardwoods 
and softwoods is apparently insignificant, apart from the catalytic effects of the ash content", again 
pointing out the importance of inorganic matter naturally present in lignocellulosic fuels. Probably this 
is also the main factor responsible for the large differences exhibited by biomass (agricultural residues) 
char with respect to wood char for both combustion [121] and gasification [112,120]. 
 
3. Chemical kinetics of biomass/char combustion and gasification 
In this section, the structural and kinetic contributions in the mathematical description of char reactivity 
are evidenced. Then mechanisms, rate laws and structural models are presented including a survey of 
the kinetic parameters currently available for the processes of char gasification and biomass/char 
combustion. As the carbon-hydrogen reaction is too slow for most practical applications [1], only 
gasification with CO2 and H2O is examined.  
 
3.1 Kinetic and structural effects during char conversion 
The reactivity R, that is, the rate per unit particle (or sample) mass, as defined by eqn.(1) is usually 
measured for the evaluation of the overall kinetics of char conversion. Models of char reactivity are 
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often indicated as structural or volumetric [162]. Structural-type models try to describe the internal 
solid matrix (grain models) or the internal pore structure (pore development models) and the 
modifications taking place during char conversion, so requiring significant effort for the independent 
determination of model parameters. In the volumetric-type models, changes in the porous structure 
during conversion are described by means of empirical correlations where porosity or pore properties 
do not appear explicitly (the conversion, X, is the sole variable introduced in almost all the models). In 
this review a distinction between the two types of models is not considered. Indeed, the reactivity, 
which is a function of temperature, concentration of gaseous reactants and degree of solid conversion, 
can always be expressed [120] by means of a chemical kinetic term, rc (T,Pi), accounting for 
temperature and reactant partial pressure effects, and a structural term, rs (X), implicitly or explicitly 
assumed to describe the effects of available internal surface (actual surface over initial surface, 
S(X)/S0), available active or reactive sites (Cf) and pore evolution (porosity, pore size and shape), and 
to be invariant over the temperature-pressure domain: 

( ) ( )XrPTrR sic ´= ,  

The assumption of invariant structural profile is not always valid as evidenced [120], for instance, 
when considering the effects exerted by temperature and partial pressures of gaseous species on the 
activation of catalytic sites. Therefore, a range of temperatures and partial pressures of gasifying agents 
should always be specified for the validity of this assumption. Only if the assumption of invariant 
structural profile is approximately valid, a reference profile (Rref) can be used to eliminate the structural 
effects from reactivity and to introduce a normalized reactivity (Rn) representative of intrinsic kinetics:  

crefn rRRR ==  

Given the dependence on conversion, a specific conversion value is selected for Rref, typically the 
initial 10 or 50% (the latter value has been selected by the most recent investigations 
[112,116,119,120], with R(X)=R50F(X), where F(50%)=1 and R50 is the representative reactivity) or a 
normalization of the structural term is made with respect to the maximum value [105].  
As anticipated, the conversion of a char particle results from the interaction of several physical 
processes, among which the most important are mass transfer through the pores within the particle and 
mass transfer of the gaseous reagents to the exterior of the particle, and intrinsic kinetics of the 
reaction. In order to evaluate the intrinsic chemical kinetics, conversion should occur in the regime I 
and thus to separate the contributions of chemistry and transport phenomena, reaction conditions (low 
temperatures and high flow rates of the gaseous reactant), sample characteristics (low amount of mass, 
small particle size) and sample position in the reaction environment (for instance, crucible location of 
the thermogravimetric system [127,128]) should be adequately chosen.  
 
3.2 Mechanisms and rate laws of char gasification 
The carbon dioxide gasification of char has been extensively studied and the following oxygen 
exchange mechanism is postulated [1,116]: 
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where k1, k2 and k3 are the usual Arrhenius rate constants, Cf represents an active carbon site and C(O) 
a carbon-oxygen complex. The presence of CO produces an inhibiting effect by lowering the steady-
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state concentration of C(O) by the reaction a2. The gasification rate, in accordance with reactions a1-a3 
and applying the steady-state assumption for the C(O) complex, can be expressed as: 

( ) ( ) 23132

21

1 COCO

CO
c PkkPkk

Pk
r

++
=  

where PCO2 and PCO are the partial pressure of CO2 and CO. When the CO concentrations are small 
and/or the inhibiting effect exerted by this species is not taken into account, a simple global model can 
be applied: 
 

COCOC 22 ®+ , ( ) n
COc PRTEAr 2exp-=  

(A is the pre-exponential factor, E the activation energy, R the universal gas constant and n an 
empirical parameter).  
The steam gasification of char also takes place according to several steps as summarized in 
[1,119,163]. Gasification with steam is more complex than CO2 gasification because of the action of 
H2, CO2 and CO following the equilibrium of the water gas shift reaction CO+H2O=CO2+H2 (this 
reaction usually proceeds very slowly in the absence of catalysts or inorganic matter in biomass). The 
amount of CH4 formed at atmospheric pressure is small (usually neglected) and is thought to be due to 
a side reaction between carbon and hydrogen [164]. At high pressures, the amount of methane, formed 
as a consequence of the direct attack of steam on certain carbon atoms, is considerable and cannot be 
ignored. Steam gasification of carbon takes place according to two basic mechanisms indicated as the 
oxygen exchange mechanism and the hydrogen inhibition mechanism [119,163]. The steps to be 
considered are: 
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(k1-k7 are Arrhenius rate constants). The oxygen exchange mechanism consists of steps b1-b3. The 
hydrogen inhibition mechanism may consist either of steps b1, b3 and b4-b5 or steps b1, b3 and b6-b7. 
For the oxygen exchange mechanism, hydrogen inhibition is due to the equilibrium of the dissociation 
reactions b1-b2. For the first hydrogen inhibition mechanism, the formation of the C(H)2 complex is 
the reason of the inhibition. In the other case, a dissociative chemisorption of H2 on the active sites 
occurs and in this way the active sites become not accessible for the oxygen transfer with steam. In all 
cases, the surface rate equation is formally identical [119]: 
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where PH2O and PH2 are the partial pressures of H2O and H2, respectively, and f(pH2) depends on the 
selected mechanism. The following expressions are obtained for the oxygen exchange  
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Similar to CO2 gasification, the majority of kinetic analyses simply considers a global model for char 
gasification with steam: 

22 HCOOHC +®+ ,    ( ) n
OHc PRTEAr 2exp -=  

The expressions of the char conversion rates with parameter values [112,113,115-
120,129,132,133,146,148,157,158,161,162,165-169] are summarized in Tables 1-2 for CO2 and H2O 
gasification, respectively. The temperature and pressure applied during gasification, the origin and size 
of the particles and the pyrolysis conditions are also reported. To facilitate the comparison, a proper re-
examination of the original expressions has been made to model the progress of the reaction in terms of 
dX/dt, to include a dependence on the partial pressure of the gasifying agent (instead of the molar 
concentration) and to express the structural contribution (in square brackets in Tables 1-2) by means of 
the conversion, X, so that the general expression takes the form: 
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Several authors [112,116,117,119,120,129,131,132,146,162,165] propose a rate of char conversion 
with a kinetic contribution and a structural term, but simple pure kinetic laws have also been used 
[113,115,118,133,157,158,161,166-169]. In some cases [113,115,117,118,133,157,158,166,167] the 
pre-exponential factor also incorporates the partial pressure effects (not explicitly described in the 
reactivity model), so that the kinetic parameters have a more limited range of validity. Tables 1-2 show 
that the experiments have been carried out at atmospheric pressure (apart from [148] for CO2 and [117] 
for H2O), within a range of partial pressures of the gasifying agent. The presence of CO [112,116,133] 
or H2 [117,119], to investigate the inhibition on the CO2 and H2O gasification, can be found only in a 
few experiments. The results obtained by Groeneveld and Van Swaaij [162], using a mixture of CO2 
and H2O, include a power-law dependence of the kinetic rate on the sum of the CO2 and H2O partial 
pressure. The variability of the pre-exponential factor, over two orders of magnitude, probably takes 
into account the changes in the composition of the gaseous mixture.  
Experiments carried out to determine the gasification rates generally foresee the production of 
isothermal data, according to the procedure described above (except for the dynamic analysis by 
Cozzani [146]) with significantly different ranges of temperatures (comprised between 973-1280K for 
CO2 and 823-1273 for H2O). A large majority of the studies is focused on wood but some consideration 
is also given to agricultural biomasses such as coconut shells [133], rice husks [132], straw [120,167], 
olive stones [112,129], grapefruit peels [157], and refuse derived fuel (RDF) [146]. The char samples 
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analyzed are mainly generated under conditions of slow pyrolysis justified by the use of thick particles 
in gasifiers (between 6-200mm for fixed-bed reactors and 3-50mm for fluidized bed reactors [68]). The 
thermal conditions during pyrolysis are varied in [113,117] but their effects are modeled only in terms 
of kinetic parameters and not explicitly by the expression of the gasification rate. An attempt in this 
direction is the treatment proposed by McCarthy [170] where, apart from the usual Arrhenius 
dependence on temperature, the effective rate constant also considers a contribution of the form exp(-
Ed/RTp), where Ed is the energy of thermal deactivation and Tp the temperature of char preparation.   
An examination of the results of the kinetic evaluations (Tables 1-2) shows that the exponent of the 
gaseous reactant pressure is around 0.4-0.6 and 0.4-1 for CO2 and H2O gasification, respectively. The 
corresponding activation energies vary between 88-250kJ/mol (with a large part of the values around 
200-250kJ/mol) and 143-237 kJ/mol (with a large part of the values around 180-200kJ/mol). The lower 
E and the higher n values evaluated for H2O gasification are probably representative of the higher rates 
with respect to those of CO2 gasification [79,80]. Apart from a very few exceptions, it appears that high 
activation energies are typically computed for the process of char gasification. In fact, a value of 
210kJ/mol is also proposed by an empirical correlation [6] for the CO2 gasification rate of thick (10-
34mm) char particles (apart from the Arrhenius temperature law a power law dependence is also 
postulated on the CO2 concentration (exponent equal to 0.71) and the initial particle radius (exponent 
equal to -0.81)).  
In accordance with the analysis about the factors affecting the char reactivity, the kinetic parameters 
are found to depend on the pyrolysis conditions [113,117,148,157,158,166] and the ash 
content/composition of the samples [157]. Also, the estimated values of the kinetic parameters for the 
global one-step reaction appear to be altered by the composition of the gaseous mixture [117]. As 
expected, when a structural term is not explicitly included in the reactivity expression, a dependence on 
the conversion degree is also evidenced [157,158]. However, while all the investigations are concord 
on the qualitative effects exerted by various parameters on the measured char reactivity, univocal 
trends in the estimated values of the kinetic parameters (E,n) cannot be observed. Thus the diminution 
in the activation energy (from 218 to 138kJ/mol) as the heating rate is decreased or the temperature is 
increased during pyrolysis, reported by Kumar and Gupta [113] and attributed to an increased 
reactivity, does not find a confirmation in the evaluations of Ref. [158]. Similarly, the parameters for 
the CO2 gasification kinetics of wheat straw char are roughly the same as wood [120] although it is 
well known that herbaceous biomass presents high alkali metal contents which catalyze the gasification 
reactions. On the other hand, the much lower activation energies (133-143kJ/mol) of chars from olive 
residues are attributed [112,129] to the high potassium content of the ashes. Moreover, water extracted 
char, where the alkali metal content is presumably low, present activation energies lower than those of 
untreated char in [157]. The estimated values of the activation energy do not show a clear trend on 
dependence of conversion [157,158]. Finally, Barrio and coworkers [119] examine the influence of the 
reactivity definition on the computation of the kinetic parameters. It is found that the selection of a 
representative reactivity value does not affect the estimated activation energies and reaction orders. 
Given that the definitions of representative reactivity are related to a fixed degree of conversion, the 
differences appear as a multiplying factor incorporated into the pre-exponential factors. In this regard 
the accuracy of the calculations might also be affected. 
From the analysis of the data of Tables 1-2 it can be understood that, in addition to the differences in 
the experimental technique, operating conditions and sample characteristics, the method of 
mathematical analysis and heat/mass transfer intrusions (these especially related to the particle 
size/mass and the reaction temperature) may significantly affect the computed values of the model 
parameters. It is explicitly stated that very small particles (below 0.06mm) are used only in a few cases 
[116,119,120,129], while other studies are based on particle sizes of about 0.4-0.8mm or even up to 
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several milliliters [113,118]. Furthermore, as already noticed, gasification temperatures above 1173K 
[129,132] introduce non-negligible mass transfer limitations.   
To carry out a comparison in terms of actual values of the kinetic contribution in the reactivity, Figures 
10-11 propose an Arrhenius plot for rc computed over the temperature range 800-1250K at atmospheric 
pressure of the gasifying agent (when all the model parameters are available). The results by Bhat and 
coworkers [132] are excluded because higher by several orders of magnitude in comparison with the 
other cases, whereas the lower and upper boundaries provided for the pre-exponential factor by 
Groenenveld and van Swaaij [162] are referred to CO2 and H2O gasification, respectively. Apart from 
the expected role played the activation energy values (for instance, see the much slower slope of the 
Arrhenius plot for the kinetics with low activation energies [112,129,148] compared with that of the 
group of high activation energies in Fig.10), it can be observed that the actual kinetic contributions are 
significantly different. For instance, given a temperature of 1000K, rc varies between about 3x10-5s-1 
[162] to 1.3s-1[148] for CO2 gasification and between 5x10-6s-1 [169] to 2x10-2s-1 [131] for H2O 
gasification.  
The more complicated Langmuir-Hinshelwood kinetics is considered only in a few cases for both CO2 
[82,112,116,171-173] and H2O [82,119,168] gasification. The agreement between predictions and 
measurements of the reactivity versus the partial pressure of the gasifying agent at the various 
temperatures is improved by these more complicated mechanisms [119]. Not all the studies provide an 
estimate of the kinetic parameters, but an examination of the activation energies for the reaction 
mechanism a1-a3 of CO2 gasification, as collected by Barrio and Hustad [116] and taking into account 
successive work [112], shows that E2 always assumes very low or negative values, a consequence of a 
kinetic constant for the reaction a2 practically independent of the temperature. As for the other two 
reactions, E1 is in the range 60-245kJ/mol and E3 in the range 120-421kJ/mol. The higher values of the 
latter support the speculation that the gasification of carbon is the limiting step in the mechanism a1-a3. 
Some evaluations of the Langmuir-Hinshelwood kinetics of char gasification with steam, based on the 
oxygen exchange mechanism b1-b3, have been compared [119]. In this case the activation energies are 
quite high for all the reactions of the mechanism b1-b3 (E1=149-214kJ/mol), E2=140-280kJ/mol, 
E3=225-273kJ/mol) but the third reaction (carbon gasification) presents slightly higher values again 
indicating that carbon gasification is the slowest step.  
 
3.3 Mechanisms and rate laws of char combustion 
The reactions of carbon and oxygen have been extensively investigated for coal char ([1,4] and Refs.1-
11 reported by Bews and coworkers [3]) but still present aspects that are poorly understood. However, 
it can be assumed that the mechanisms of char combustion summarized by Hurt and Calo [4] for coal 
chars are also, in principle, applicable for those originated from lignocellulosic fuels. The most widely 
used treatment is based on a simple global reaction 
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where PO2 is the partial pressure of O2. In reality, the carbon-oxygen reaction consists of a series of 
adsorption and desorption processes including the following [4,174]:  
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where k1-k5 are Arrhenius rate constants. The reaction c1 represents the chemisorption of oxygen on 
active sites and the reactions c2 the formation of CO through desorption (similar to the gasification 
mechanisms, Cf is the number of active or available sites and C(O) a carbon-oxygen complex which 
occupies the site). Formation of CO2 by surface reaction is also observed (reaction c3) or by interaction 
of the gas phase oxygen with surface complexes (reaction c4) which may or may not involve the 
generation of a new complex C(O) on the product side. The reaction rate of CO2 and carbon (reaction 
c5) is much slower than that of O2 and carbon. Therefore, reaction c5 is usually excluded as a 
significant step, when considering the carbon-oxygen reaction. Semi-global mechanisms have been 
modeled in terms of kinetic laws [4] of the Langmuir-Hinshelwood form. The simplest of these, taking 
into account reactions c1-c2, is: 
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whose parameters, however, have not yet been evaluated for the chars of interest in this review. 
A one-step global reaction is used by several authors to describe the process up to complete conversion 
[86,104,107,121,122,134,147,175,176] but multi-step models have also been proposed. The additional 
steps concern the low-temperature devolatilization of char [104,107] or both devolatilization and 
combustion of char [105,107], but none of the reactions can be referred to the mechanism c1-c5 
previously introduced. Parallel reactions are always proposed but a comparison with series reactions 
[177] shows that kinetic evaluation produces invariant activation energies and pre-exponential factors 
(small variations in the amounts of volatiles released for each step). The expressions for the rates of 
char conversion with the estimated kinetic parameters for the one-step models and the quantitatively 
most important combustion reaction of the multi-step models (the parameter nc represents the 
corresponding amount of volatiles generated in terms of solid mass fraction) are summarized in Table 3 
(the structural contribution is again enclosed by square brackets). Information is also provided about 
the conditions of char production and combustion. 
Several authors [104,107,121,147,176] incorporate the dependence of the reactivity on the oxidant 
partial pressure into the pre-exponential factor, so that the results obtained are rigorously valid only for 
the gaseous mixture (air) used in the experiments. Feedstocks include wood, agricultural biomass, RDF 
and wood components (cellulose, lignin). Both moderate [86,104,107,121,122,147,175] and fast 
[104,134] heating rates have been applied during pyrolysis. Flash carbonization [178] is used for the 
samples studied in [105]. The char combustion experiments have been conducted either under static 
[134,175] or dynamic [86,104,105,107,121,122,147,176] conditions with maximum temperatures 
between 623-1273K (typically a value of 873K is used). Finally, the majority of the experiments 
examines air or oxygen concentrations below the air values.  
Significant variation is shown by kinetic parameters, with activation energies roughly comprised 
between 76-229kJ/mol for the chief combustion reaction. Quantitative differences are caused by the 
same factors as already pointed out for the gasification kinetics (biomass properties, operating 
conditions and devices of the experiments, pyrolysis conditions, amount and composition of ashes). 
However, it is known that, for dynamic thermogravimetric experiments, differential (versus integral) 
data should be used in kinetic evaluations because the details of the weight loss process are better 
shown [13]. Moreover, low values of the activation energies are generally produced when a single-step 
reaction is applied to fit a temperature dependence that arises from the occurrence of different reactions 
in different temperature intervals [105]. Another aspect to be taken into account is that, apart from the 
most recent studies [104,105,107], kinetic evaluations have been made by means of one experiments 
only so that it cannot be excluded that the results are affected by compensation effects. 

(14) 
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Specific investigations on the variability of the kinetic parameters confirm that the use of integral 
measurements and the disregard of the devolatilization stage give rise to low values of the activation 
energy of the combustion reaction. More specifically, a n-order global reaction, which produces a poor 
description of the differential curves, requires relatively low activation energies (around 100kJ/mol) for 
both wood char [104] and oak bark char [107]. The combination of a global one step reaction of char 
combustion with a first-order reaction for the devolatilization stage results in accurate predictions of 
both integral and differential weight loss curves [104] and a higher activation energy of the combustion 
reaction. As shown by the example for pine wood char (produced by slow pyrolysis) in Fig.11, the 
devolatilization stage foresees the release of a relatively small amount of volatile matter (generally 
between 16-20%), but this model is accurate and presents an activation energy of the combustion 
reaction of 183 kJ/mol (versus 114.5 kJ/mol for the one-step global reaction) [104]. The 
devolatilization stage is well described by relatively low activation energies [104,105,107] and an 
increase in the number of reaction steps (from one to two) does not improve visibly the accuracy of the 
predictions [104]. Excluding the cases of low activation energies estimated by means of the one-step 
global models and the integral data [121,134,175,176], Table 3 shows activation energies of the 
combustion reaction comprised in the range 140-230kJ/mol, with the upper boundary comparable with 
the values reported for the low-temperature zone of coal char or graphite combustion [3].  
The differences in the char reactivity deriving from the wood species can be taken into account 
essentially by the pre-exponential factor [104]. For bark char [107], the combustion reaction is 
associated with a lower activation energy (169 versus 182kJ/mol) which may be partly explained by 
the differences in the morphological structure of wood and bark chars. A clear trend in the activation 
energies, introduced by demineralization of the biomass samples, cannot be seen from the values 
reported for straw [147] or corncobs [105], although a diminution in the reactivity is evident. 
Moreover, the activation energy of both the one-step combustion reaction and that of the combustion 
stage in multi-step models become significantly higher for the chars generated from thin wood particles 
in fluidized-bed reactors (167 and 229kJ/mol, respectively) [104]. On the other hand, an increase [147] 
or a slight decrease [105] in the activation energy of the combustion step is reported as the pyrolysis 
temperature is increased (and the reactivity decreases). Hence, a clear trend in the estimated kinetic 
parameters is not shown as the char reactivity increases as a consequence of fast heating rates and/or 
low temperatures during pyrolysis.  
Diffusion effects and deviations of the actual conversion temperature with respect to the programmed 
(assigned) value may also play an important role in the estimated values of the activation energies. For 
conversion in the regime II and a Thiele modulus above 3 it is indicated [126] that the activation 
energy of the combustion reaction approaches half the intrinsic value. Moreover, for the regime III, the 
observed activation energy is small and the observed reaction order with respect to oxygen is unity. It 
is worth noting that evaluations of the Thiele modulus for pulverized bagasse char lead Luo and 
Stanmore [122] to conclude that the combustion reaction, for the conditions of their study, occurs in the 
regime II. However, this conclusion is not supported by the high activation energy estimated 
(180kJ/mol). 
The reaction mechanism c1-c5 can be used to justify the variation in the reaction order with respect to 
PO2 as the reaction conditions are varied [134]. The reaction order with respect to PO2 will be 1 when 
the reaction c1 is the rate-limiting step (temperatures above 973-1073K). When the reactions c2 and c3 
are rate-controlling (temperatures below 573-673K), a zero-order dependence is found. A competition 
usually exists between c1 and c2-c3, so that the reaction order is something between 1 and 0, as 
confirmed by the values listed in Table 3 and roughly comprised between 0.5 and 1. 
To carry out a comparison in terms of the actual values of the kinetic contribution in the reactivity, 
Figure 13 proposes an Arrhenius plot for rc computed over the temperature range 650-950K at 
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atmospheric pressure for the analyses where all the model parameters are available. When various 
feedstock or pyrolysis conditions are used only a few are taken as representative of the results (i.e. pine 
wood char [121,176], slow pyrolysis [104]). Also, the results obtained [147] for the straw char 
generated at high pyrolysis temperatures are not included in the plot because they produce rc values 
lower about two orders of magnitude with respect to those obtained at low pyrolysis temperatures (and 
comparable with the pyrolysis temperatures of other studies). It can be seen that the actual rc values 
vary over a range of about two orders of magnitude (given a reaction temperature of 800K, they are 
comprised between about 0.03 and 1.3s-1).  
  
3.4 Structural models of char conversion 
In the models of lignocellulosic char reactivity, a kinetic term can be straightly identified while the 
structural contribution takes different expressions. As it appears from Tables 1-3 (structural 
contribution in square brackets), which summarize the reactivity expressions proposed by several 
authors for lignocellulosic char conversion in the presence of CO2, H2O and O2, a structural term is 
absent in some cases [113,115,118,133,147,157,158,161,166-169]. The large majority of the structural 
models assumes a simple linear [86,117,122,131,132,146,162] or a power law [121,104,107,134,176] 
dependence on the char mass fraction (in the latter case exponents are in the range 0.4-2). A 5-6th order 
polynomial in the conversion is proposed in [112,116,119,120,129]. In this category can also be 
included the empirical functions with adjustable parameters proposed for CO2 gasification of poplar 
char [148] and combustion of corncob char [105]. Moreover, models originally formulated for coal 
have been used in [165] for CO2 gasification of beech wood char (this model is re-expressed in Table 1 
in terms of conversion, X) and in [175] for the interpretation of the oxidation curves of hardwood and 
lignin char (in this case the Bhatia and Perlmutter model [179] is used, which refers to the ratio 
S(X)/S0, that is, the relative change in the available (reactive) surface area during reaction). An 
investigation about the performances of the most popular structural models of coal char conversion 
when applied to describe pine wood char oxidation [134] shows that none of these produces a better 
description of the measured conversion curves than the simple power-law model. A few attempts have 
also been made to modify structural models proposed for the heterogeneous reactions of coal to take 
into account the peculiarities of biomass/wood chars. In general, these models do not include any 
kinetic law but are somewhat empirical in that they use adjustable parameters to take into account the 
variations in the char reactivity with temperature and/or catalysts such as in [180,181]. In these studies 
the isothermal thermogravimetric data of CO2 gasification of fir wood char are used to modify the 
Bathia and Perlmutter model [179], describing the changes in the char reactivity exclusively in terms of 
structural variations. In particular, modifications have been introduced to predict the higher reactivity 
(with respect to the predictions of the random pore models) at high conversion (beyond 70%). The 
parameters of the empirical model vary with the reaction temperature and the pre-treatments of the 
sample. 
 
3.5 Kinetics of wood/biomass combustion 
As already pointed out, as a consequence of the small sample mass and the mild thermal conditions 
applied to reduce the effects of heat and mass transfer intrusions and to control the reaction 
exothermicity, thermogravimetric curves of wood or biomass combustion [83-98,107] show two main 
reaction zones, corresponding to solid devolatilization and char oxidation, respectively. The 
mathematical treatments of the data always consider devolatilization models for the first stage, that is, 
only the rate of volatile release is described [13]. Moreover, a highly simplified approach is commonly 
used based on two global reactions for the first and second zone of the weight loss curves (a power-law 
dependence on the solid mass fraction takes usually into account structural effects) 
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[84,85,88,93,94,97]. For both devolatilization and combustion, widely variable activation energies are 
reported although they are quite low (roughly 60-130kJ/mol for solid devolatilization and 30-
150kJ/mol for char oxidation). As for the first step, this result stems primarily from the high 
simplification introduced by the one-step reaction model to describe a process which is complicated by 
the composite nature of the biomass fuels (the contribution of the main constituents in the 
thermogravimetric curves), the use of integral (versus differential) data and the possible presence of 
compensation effects, as extensively discussed for decomposition in inert atmospheres [13]. The larger 
variations between the kinetics for the combustion step can be probably due to the stronger role played 
by the nature of the samples especially by the content and composition of ashes which catalyze the 
reaction. Also, inaccuracies in the thermogravimetric measurements, owing to the very small mass of 
the sample after devolatilization, may be another cause for such discrepancies.  
Improvements are represented by models where the devolatilization stage is described by two [90,96], 
three [98] or four [107] reactions, similar to the kinetic models of biomass devolatilization in inert 
atmosphere describing the release of volatile matter from the main chemical pseudo-components [13]. 
In particular, results obtained for two wood species (beech and Douglas fir) [98] show, for the pseudo-
components hemicellulose, cellulose and lignin, activation energies of 106, 226 and 114kJ/mol 
respectively, which compare well with the values already found in the absence of oxygen (the 
combustion step presents an activation energy of 183kJ/mol). Lower values of the activation energies 
of the four devolatilization reactions (70-100kJ/mol) have been estimated [107] for oak bark, most 
likely owing to a very peculiar chemical composition (the main components are extractives and lignin 
with small amounts of holocellulose) and the high ash content.  
  
 
4. Conclusions 
The distribution among gases, organic condensable products, water and char from lignocellulosic fuel 
pyrolysis is highly affected by size and physico-chemical properties of the particles, external heating 
and reactor configuration. These can be summarized in terms of average heating rate/temperature of the 
solid and the reaction environment and residence time of the tar vapors in the hot reaction zone. The 
literature provides sufficient information for wood in relation to both yields and composition of 
products whereas considerable less work has been carried out for biomass and the results are 
essentially limited to product yields. As for char, in quantitative terms, given external heating 
temperatures of about 650-950K, pre-dried hardwoods and softwoods produce yields roughly 
comprised between 28-10% and 40-20%, depending on fast (fluidized bed reactors and particle sizes 
below 6mm) or slow (packed beds of small-sized particles or thick samples) pyrolysis. Biomass, in 
particular agricultural residues, produce higher char yields (up to factors of about two, on ash free 
basis, with respect to wood) originated from larger contents of lignin (and C) and alkali compounds 
(the latter catalyze charring reactions). Quantitative contributions of primary and secondary reactions 
on the amount of char formed are still unknown and further research work on these aspects is highly 
desirable. 
As a consequence of the much faster rates of solid pyrolysis compared with those of char conversion, 
char yield and reactivity are the main factors affecting the feed rate and size of combustors and 
gasifiers. On the other hand, the properties of the solid and the pyrolysis conditions not only affect the 
amount of char produced during pyrolysis but also its reactivity. The gasification and combustion 
reactivity of char decreases when temperature and retention time established during pyrolysis are 
augmented and/or the heating rate is diminished. Indeed, an increase in the structural ordering of the 
carbon matrix (thermal annealing) and a reduction in the oxygen containing groups is observed, in this 
way lowering the concentration of active sites. Moreover, under fast heating, particles undergo a 
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molten phase with the consequent creation of smoother surfaces and spherical cavities. The micro-pore 
network, a reproduction of the wood structure preserved by slow heating rates, is reduced owing to 
melting in favor of macro pores where heterogeneous reactions mainly occur. Conditions that favor the 
activity of intra-particle secondary reactions, such as high external pressures and slow heating rates 
(and rate of volatile matter release), cause the deposition of secondary char fragments on the primary 
char surfaces. Apart from a reduction in the specific surface area, it appears that secondary chars are 
less reactive than primary chars and, on global terms, the reactivity is reduced. However, the 
understanding of these features is essentially only qualitative and further research is needed to provide 
the basis for the formulation of reliable kinetic models. 
It is speculated that the nature of the lignocellulosic fuels does not affect significantly the char 
reactivity and the differences among various samples can be attributed essentially to the amount and 
composition of ashes, more specifically to the catalytic effects exerted on the heterogeneous reactions 
by some compounds (mainly alkaline and alkaline earth metals). Partial elimination of water- or acid-
soluble minerals has been observed to reduce, at least by one order of magnitude, the oxidation 
reactivity of char despite an increase the specific surface area. In quantitative terms, the catalytic action 
varies during conversion owing to modifications in the ratio between carbon and the catalytically 
active substances, the chemical occurrence of the catalysts (for instance, deactivation resulting from 
sintering and agglomeration) and char structure.   
Three conversion regimes of char are usually considered, based on the Thiele modulus and the 
effectiveness factor. To evaluate the intrinsic kinetics of the heterogenous gasification and combustion 
reactions, experimental conditions should be established so as heat and mass transfer limitations are 
avoided (regime I). However, only a very few kinetic investigations give the due consideration to these 
aspects and, contrary to pyrolysis, researchers seem to be only partially aware of the possible flaws in 
the measurements and analysis of the data. A large part of the experiments, motivated by kinetic 
analysis, has been made using thermogravimetry under static (isothermal) conditions for gasification 
and dynamic (assigned heating rate) conditions for combustion. Measurements are generally expressed 
in terms of reactivity versus conversion and it is accepted that the mechanisms of char combustion and 
gasification (these taking into account the inhibiting effects exerted by CO (CO2 gasification) and H2 
(steam gasification)) formulated by the extensive investigations about coal chars are also applicable for 
lignocellulosic fuels. However, the most widely used treatment is based on a simple global reaction 
where the reactivity is modeled by means of a chemical kinetic term, accounting for temperature and 
reactant partial pressure effects, and a structural contribution describing the effects of porosity 
evolution and available internal surface area or concentration of active sites.  
Structural models mainly assume a linear or a power-law dependence of the reactivity on conversion 
although the most recent studies on gasification propose 5-6 order polynomials. Specific structural 
models, originally developed for coal, have also been used for the interpretation of the conversion 
curves of lignocellulosic chars but, at least for combustion, they do not appear to produce better results 
than the simpler power-law model. The kinetic contribution is always modeled by the Arrhenius 
dependence on temperature and a power-law dependence on the partial pressure of the gaseous reagent. 
Moreover while the kinetic contribution is taken into account by all the reactivity models, in several 
cases the structural contribution is completely absent. Hence, the different formulation of the reactivity 
models is the first cause for the discrepancies among estimated values of the model parameters and 
numerical predictions. Variations can also be attributed to the differences introduced by the 
experimental techniques, the operating conditions, the sample characteristics (chemico-physical 
properties and pyrolysis conditions) and the method of kinetic analysis. 
A comparison of the predicted gasification reactivities, using those models which provide data for all 
the parameters, show values varying by about four orders of magnitude. There is quite good agreement 
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in relation to the high values of the activation energy with a large part comprised in the ranges 200-
250kJ/mol and 180-200kJ/mol for CO2 and H2O gasification, respectively. The corresponding ranges 
of the exponent of the gaseous reactant pressure are about 0.4-0.6 and 0.4-1. However, despite the 
agreement among the various researches about the experimental trends shown by reactivity on various 
factors (pyrolysis conditions, content and composition of ashes, etc.), the estimated kinetic constants do 
not show an univocal trend on dependence of these same factors. Therefore, further research efforts are 
required for the formulation of global models of char gasification valid over wide ranges of 
experimental conditions which can reliably describe the influence of the key parameters on char 
reactivity. Also, the more complicated Langmuir-Hinshelwood kinetics is considered only in a few 
cases, often with the sole evaluation of the rate constants at a selected temperature. 
Early kinetic models of wood char combustion, using integral thermogravimetric dynamic data for 
parameter estimation, consist of a one-step global reaction characterized by relatively low values of the 
activation energy (below 100kJ/mol). These provide very poor predictions of differential 
thermogravimetric measurements and their parameters are not free from compensation effects. More 
recent investigations use multi-step models for the interpretation of differential thermogravimetric data, 
measured under different thermal conditions. In this way the so-called char devolatilization is taken 
into account (release of about 6-25% of volatile matter) followed by the actual combustion step (in a 
few cases this is described by two steps). This treatment produces accurate predictions and gives rise to 
much higher activation energies of the combustion reaction (140-230kJ/mol). However, similar to 
gasification, the trends of the estimated kinetic parameters on dependence of important factors 
affecting the char reactivity are not in agreement and differences in the predicted reactivities of at least 
two order of magnitude are calculated. These circumstances and the small number of studies currently 
available and focused only on a few specific feedstocks put into evidence the need of more 
comprehensive investigations also in this sector.  
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FIGURE CAPTIONS 
Fig.1 - Yields of char (% dry solid basis), on dependence of the heating temperature, Te, from fluidized-
bed pyrolysis of hardwood (�  [14-16]; �V [18]; �L  [20]) and softwood (�ˆ  [17], �`  [19]; �:  [18]) 
species, fixed-bed pyrolysis of beech wood (****  [30]) and pyrolysis of thick (40mm diameter) cylinders 
[29] of hardwoods (�9  beech; �U chestnut) and softwoods (�h  pine; �_  Douglas fir; �K redwood) species. 
Fig.2 - Yields of liquids (% dry solid basis) on dependence of the heating temperature, Te, (conditions 
and References as in Fig.1). 
Fig.3 - Yields of gas (% dry solid basis) on dependence of the heating temperature, Te, (conditions and 
References as in Fig.1). 
Fig. 4 - Yields of char (% dry and ash-free solid basis), for a packed-bed of biomass or wood particles 
[35], on dependence of the heating temperature, Te. 
Fig. 5 - Yields of CO2 (% dry solid basis) on dependence of the heating temperature, Te, (conditions 
and References as in Fig.1). 
Fig. 6 - Yields of CO and H2O (% dry solid basis) on dependence of the heating temperature, Te, 
(conditions and References as in Fig.1). 
Fig. 7 - Yields of some organic compounds (% dry solid basis) from beech wood pyrolysis in a packed 
bed�[30] on dependence of the heating temperature, Te. 
Fig. 8 - Reactivities of biomass and wood chars in air for a heating rate of 10K/min and a final 
temperature of 873K [121]. 
Fig. 9 - Conversion (A) and time derivative of conversion (B) as functions of temperature for waste 
wood heated in different atmospheres at 2K/min [78]. 
Fig. 10 - Arrhenius plot of the kinetic contribution, rc, of the reactivity for lignocellulosic char 
gasification with CO2 : a) cotton wood, b) Douglas fir, c) straw, d) spruce. 
Fig. 11 - Arrhenius plot of the kinetic contribution, rc, of the reactivity for lignocellulosic char 
gasification with H2O: a) straw, b) poplar, c) bark, d) beech, e) birch, f) maple, g) pine.  
Fig. 12 - Mass fraction and time derivative of the mass fraction versus time for pine wood char in air 
with a heating rate of 5K/min up to 873K as measured (symbols) and simulated (lines) (dashed lines 
refer to components)� [104] (reaction steps 1 and 2 refer to char devolatilization and combustion, 
respectively).  
Fig. 13 - Arrhenius plot of the kinetic contribution, rc, of the reactivity for lignocellulosic char 
oxidation. 
Table 1 - Char gasification rates in CO2 bearing atmospheres with parameter values (the structural 
contribution is delimited by square brackets), temperature (Tg) and pressure (PCO2) during gasification, 
pyrolysis conditions and/or sample properties.  
Table 2 - Char gasification rates in H2O bearing atmospheres with parameter values (the structural 
contribution is delimited by square brackets), temperature (Tg) and pressure (PH2O) during gasifcation, 
pyrolysis conditions and/or sample properties.  
Table 3 - Char oxidation rates with parameter values (the structural contribution is delimited by square 
brackets) with heating rate, final temperature and volumetric fraction of O2 during oxidation, pyrolysis 
conditions and/or sample properties.  
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Fig.1 - Yields of char (% dry solid basis), on dependence of the heating temperature, Te, from fluidized-
bed pyrolysis of hardwood (�  [14-16]; �V [18]; �L  [20]) and softwood (�ˆ  [17], �`  [19]; �:  [18]) 
species, fixed-bed pyrolysis of beech wood (****  [30]) and pyrolysis of thick (40mm diameter) cylinders 
[29] of hardwoods (�9  beech; �U chestnut) and softwoods (�h  pine; �_  Douglas fir; �K redwood) species. 
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Fig.2 - Yields of liquids (% dry solid basis) on dependence of the heating temperature, Te, (conditions 
and References as in Fig.1). 
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Fig.3 - Yields of gas (% dry solid basis) on dependence of the heating temperature, Te, (conditions and 
References as in Fig.1). 
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Fig. 4 - Yields of char (% dry and ash-free solid basis), for a packed-bed of biomass or wood particles 
[35], on dependence of the heating temperature, Te. 
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Fig. 5 - Yields of CO2 (% dry solid basis) on dependence of the heating temperature, Te, (conditions 
and References as in Fig.1). 
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Fig. 6 - Yields of CO and H2O (% dry solid basis) on dependence of the heating temperature, Te, 
(conditions and References as in Fig.1). 
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Fig. 7 - Yields of some organic compounds (% dry solid basis) from beech wood pyrolysis in a packed 
bed�[30] on dependence of the heating temperature, Te. 
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Fig. 8 - Reactivities of biomass and wood chars in air for a heating rate of 10K/min and a final 
temperature of 873K [121]. 
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Fig. 9 - Conversion (A) and time derivative of conversion (B) as functions of temperature for waste 
wood heated in different atmospheres at 2K/min [78]. 
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Fig. 10 - Arrhenius plot of the kinetic contribution, rc, of the reactivity for lignocellulosic char 
gasification with CO2: a) cotton wood, b) Douglas fir, c) straw, d) spruce. 
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Fig. 11 - Arrhenius plot of the kinetic contribution, rc, of the reactivity for lignocellulosic char 
gasification with H2O: a) straw, b) poplar, c) bark, d) beech, e) birch, f) maple, g) pine.  
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Fig. 12 - Mass fraction and time derivative of the mass fraction versus time for pine wood char in air 
with a heating rate of 5K/min up to 873K as measured (symbols) and simulated (lines) (dashed lines 
refer to components)� [104] (reaction steps 1 and 2 refer to char devolatilization and combustion, 
respectively). 
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Fig. 13 - Arrhenius plot of the kinetic contribution, rc, of the reactivity for lignocellulosic char 
oxidation. 
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Authors  
(Ref.) dt

dx
 [s-1]; k [s-1] Tg [K] PCO2 [kPa] 

Pyrolysis  
conditions 

Groeneveld and  
Van Swaaij 

(1980) 
[162] 

( ) ( ) ( )[ ]XPP
RTTdt

dX
OHCO -+�

�

�
�
�

� -
¸´

= 1
217

exp
101088.2 7.0

227.0

87

 1073-
1273 

0.88-23; 
pH2O=0.44-

3.1kPa 

wood char 
powder 

De Groot and  
Shafizadeh 

(1984) 
[161] 

[ ]-�
�

�
�
�

� -´= 6.0

2

8 200
exp1059.2 COP

RTdt
dX

 (Douglas Fir) 

973-1173 0.05-0.5 
slow pyrolysis of 

wood (0.8́ 0.4mm) 
at 1273K [ ]-�

�

�
�
�

� -´= 6.0

2

7 196
exp1085.4 COP

RTdt
dX

 (Cotton wood) 

Van den Aarsen  
(1985) 
[165] 

( )[ ]328.0

28.0

6

1
166

exp
1010.9

XP
RTTdt

dX
CO -�

�

�
�
�

� -
´

=  1023-
1273 

4.8-38.5 

fluidized-bed 
pyrolysis of beech 
wood (1-2mm) at 

1023-1273K 

Plante et al. 
(1988) 
[148] 

( )[ ]ba XXP
RTdt

dX
CO -�

�

�
�
�

� -´= 1
3.80

exp1018.83 2.1

2

7  (*):E=82-

126kJ/mol, A=78-1535Mpa-ns-1, n=0.7-1.2 (pyrolysis and 
gasification pressure, pre-heating rate) 

(*)  pyrolysis and gasification at atmospheric pressure, pre-heating rate 13K/min  

998-1233 101-6000 

slow pyrolysis of 
poplar wood (0.4-
0.8mm) at 813K 

(atmospheric 
pressure or under 

vacuum) 

Bandyopadhya
y et al.  
(1991) 
[133] 

�
�

�
�
�

� -=
RT

AK
250

exp  1081-
1280 

80-20 ; 
pCO/pCO2=0.25

-4 

coconut shell char 
(0.1mm) 

Rodriguez-
Mirasol et al. 
(1993) [166] 

�
�

�
�
�

� -=
RT
E

AK exp : E=202-245kJ/mol (X, pyrolysis 

conditions)  

1023-
1223 

101 

slow pyrolysis of 
eucalyptus Kraft 

lignin at 823-
1673K; (0.045-
0.053)mm char 

Kumar and 
Gupta (1994) 

[113] 

�
�

�
�
�

� -=
RT
E

AK exp : E=151-218kJ/mol acacia (slow pyrolysis 

temperature); E=180-213kJ/mol Eucalyptus (slow pyrolysis 
temperature) ; E=138kJ/mol (fast pyrolysis) 

1023-
1223 

101 

slow pyrolysis of 
wood (7mm) at 

1073-1473K; fast 
pyrolysis of wood at 

1073K 
Moilanen and 

Savihariu 
(1997) [115] 

�
�

�
�
�

� -=
RT

AK
229

exp  973-1173 101 
pyrolysis at 10K/s of 

pine sawdust 
(0.1mm) 

Tancredi et al. 
(1996) [158] 

�
�

�
�
�

� -=
RT
E

AK exp : E=236-261kJ/mol (X, pyrolysis 

temperature) 

1043-
1123 

101 

slow pyrolysis of 
eucalyptus wood 
(0.2mm) at 673-

1073K 

Cozzani  
(2000) [146] 

( )[ ]XP
RTdt

dX
CO -�

�

�
�
�

� -´= 1
221

exp102.4 72.0

2

7  
10K/min 

up to 
1273 

20-101 
slow pyrolysis of 

RDF at 723-1073K 

Bhat et al. 
(2001) [132] 

( )[ ]Xp
RTTdt

dX
CO -�

�

�
�
�

� -
´

= 1
197

exp
1087.9

2

12

 1023-
1123 

101 

slow pyrolysis of 
rice huk at 873-
973K ; 0.001mm 

char 

Barrio and 
Hustad  

(2001) [116] 
( )[ ])(

215
exp101.3 38..0

2

6 XFP
RTdt

dX
CO�

�

�
�
�

� -´=  1023-
1273 

5-101; 
pCO/pCO2=0.1-

1.25 

slow pyrolysis of 
birch wood at 873K; 

(0.032-0.045)mm 
char 
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Risnes et al. 
(2001) [120] 

( )[ ])(
6.205

exp1081.5 52.0

2

6 XFP
RTdt

dX
CO�

�

�
�
�

� -´=  (straw) 

973-1273 3-101 

pyrolysis in a 
pressurized 

entrained-flow 
reactor at 1173K of 
straw (<0.15mm) 
and spruce wood 

(<0.0006mm) 

( )[ ])(
220

exp1011.2 36..0

2

7 XFP
RTdt

dX
CO�

�

�
�
�

� -´=  (spruce) 

Marquez-
Montesinos et 

al. (2002) [157] 

�
�

�
�
�

� -=
RT
E

AK exp :E=249-197kJ/mol, k0=7.4x108-4.5x106s-

1(X, untreated samples); E=176-248kJ/mol , k0=2.5x107-
3.8x108s-1(X, water extracted samples) 

998-1073 101 
slow pyrolysis of 

grapefruit peels (1-
1.6mm) at 973K 

Ollero et al.. 
(2003) [112] 

( )[ ])(
133

exp1068.1 43.0

2

5 XFP
RTdt

dX
CO�

�

�
�
�

� -´=  1072-
1223 

20-50; 
pCO/pCO2=0-

0.57 

slow pyrolysis of 
olive residues at 

1173K; char 
(<0.15mm) 

Gomez-Barea 
et al. (2006) 

[129] 
( )[ ])(

6.142
exp1099.1 4.0

2

3 XFP
RTdt

dX
CO�

�

�
�
�

� -´=  1073-
1173 

20-50 

slow pyrolysis of 
olive residue at 

1173K; char 
(<0.06mm) 

 
Table 1 - Char gasification rates in CO2 bearing atmospheres with parameter values (the structural 
contribution is delimited by square brackets), temperature (Tg) and pressure (PCO2) during gasification, 
pyrolysis conditions and/or sample properties. 
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Authors  
(Ref.) dt

dx
 [s-1]; k [s-1] Tg [K] PH2O [kPa] 

Pyrolysis  
conditions 

Rensfeldt et al. 
(1978) 
[167] 

�
�

�
�
�

� -´=
RT

K
182

exp102 6  (polar) ; 

�
�

�
�
�

� -´=
RT

K
182

exp108.9 5 (straw) ; 

�
�

�
�
�

� -´=
RT

K
178

exp105.1 6 (bark) 

1043-
1123 

74 slow pyrolysis 

Hawley et al. 
(1983) 
[168] 

[ ]-�
�

�
�
�

� -´= OHP
RTdt

dX
2

3 156
exp1057.6   1073-

1273 
0.88-23 

pyrolysis of poplar 
wood (1-2mm) at 

973K 

Nandi and 
Onischak 
(1985) 
[117] 

( )[ ]X
RTdt

dX
-�

�

�
�
�

� -´= 1
177

exp1055.5 5  (maple, pH2O/pN2=1), 

1000-
1200 

1085; 
pH2/pH2O=0-0.1 

slow pyrolysis of 
wood (1-1.4mm) at 

1000-1200K 
followed by 
gasification 

( )[ ]X
RTdt

dX
-�

�

�
�
�

� -´= 1
170

exp107.1 5  (pine, pH2O/pN2=1): 

E=170-196kJ/mol (feedstock, gas composition) 

Nandi and 
Onischak 
(1985) 
[117] 

( )[ ]X
RTdt

dX
-�

�

�
�
�

� -´= 1
167

exp1008.4 5  (maple, pH2O/pN2=1), 

977-1144 
1085; 

pH2/pH2O=0-0.5 

“in situ” gasification 
of (1.4-1mm) wood 

at 977-1144K ( )[ ]X
RTdt

dX
-�

�

�
�
�

� -´= 1
164

exp1014.2 5  (pine; pH2O/pN2=1): 

E=164-266kJ/mol (feedstock, gas composition) 

Hemati and 
Laguerie 

(1988) [131] 
( )[ ]Xp

RTdt
dX

OH -�
�

�
�
�

� -´= 1
198

exp1023.1 75.0
2

7  923-1273 21-100 
slow pyrolysis of 
wood sawdust at 

923-1273K 

Kojima et al. 
(1993) [169] 

[ ]-�
�

�
�
�

� -= 41.0

2

179
exp1773 OHP

RTdt
dX

 1123-
1223 

0-58 
sawdust pyrolysis in 

a fluidized bed at 
1123-1223K 

Moilanen et al. 
(1994) [118] �

�

�
�
�

� -=
RT

AK
196

exp   1050-
1220 

15 
slow pyrolysis of 
wood (2-4mm) at 

1223K 
Moilanen and 

Saviharju 
(1997) [115] 

�
�

�
�
�

� -=
RT

AK
217

exp  973-1173 101 
pyrolysis at 10K/s of 
pine wood sawdust 

(0.1mm) 

Barrio et al. 
(2001 [119] 

( )[ ])(
237

exp1062.2 57.0

2

8 XFP
RTdt

dX
OH�

�

�
�
�

� -´=  (birch) 
1023-
1223 

10-30; pH2=5-
50kPa 

slow pyrolysis of 
wood at 873K; 

(0.045-0.063)mm 
char ( )[ ])(

211
exp1071.1 51.0

2

7 XFP
RTdt

dX
OH�

�

�
�
�

� -´=  (beech) 

Marquez-
Montesinos et 

al. (2002) [157] 

n
OHP

RT
E

AK 2exp �
�

�
�
�

� -=  : E=143-201kJ/mol, n=0.57-

0.73(p,X) 

998-1173 1.7-47.4 
slow pyrolysis of 

grapefruit peels (1-
1.6mm) at 993K 

Bhat et al. 
(2001) [132] 

( )[ ]Xp
RTTdt

dX
OH -�

�

�
�
�

� -
´

= 1
3.200

exp
1093.2

2

13

 1023-
1173 

101 
slow pyrolysis of 
rice husk grain at 

873-1173K  

Table 2 - Char gasification rates in H2O bearing atmospheres with parameter values (the structural 
contribution is delimited by square brackets), temperature (Tg) and pressure (PH2O) during gasifcation, 
pyrolysis conditions and/or sample properties. 
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Authors  
(Ref.) dt

dx
 [s-1]; k [s-1] 

Heating rate 
[K/min]; final 
temperature[K

] 

% vol O2 (in 
N2) 

Pyrolysis  
conditions 

Kashiwagi and 
Nambu (1992) 

[86] 
( )[ ]XP

RTdt
dX

O -�
�

�
�
�

� -´= 1
160

exp1073.1 78.0

2

8  0.5-5; 823 0.28-21 
slow pyrolysis of 
cellulose powder 

Luo and 
Stanmore 

(1992) [122] 
( )[ ]XP

RT
A

dt
dX

O -�
�

�
�
�

� -= 1
180

exp 65.0
2  15;973 0-21 

slow pyrolysis of 
sugar cane 

bagasse 

Magnaterra et 
al. (1994 

[175] 

[ ]02 /exp SSP
RT
E

A
dt
dX n

O�
�

�
�
�

� -= : E=85-125kJ/mol, 

n=0.75-0.85 (hardwoods); E=81kJ/mol, n=0.8 (lignin) 

Isothermal 
oxidation at 
623-753K 

2-18 
slow pyrolysis of 
hardwoods and 

lignin 

Janse et al. 
(1998) 
[134] 

( )[ ]49.053.0

2

5 1
125

exp103.5 Xp
RTdt

dX
O -�

�

�
�
�

� -´=  
Isothermal 
oxidation at 
573-773K 

2.25-36 

pine wood 
pyrolysis at 
300K/s up to 

873K 

Di Blasi et al. 
(1999) [121] 

( )[ ]2.16 1
109

exp1051.1 X
RTdt

dX
-�

�

�
�
�

� -´=  (pine): E=71-

109kJ/mol (feedstock and oxidation conditions) 

10; 673-873 21 

slow pyrolysis of 
pine wood and 

agricultural 
residues at 800K 

Adanez et al. 
(2000) [176] 

( )[ ]4.07 1
140

exp108.3 X
RTdt

dX
-�

�

�
�
�

�
-´=  (pine): 

E=134-142kJ/mol (feedstock) 

20; 823 21 

slow pyrolysis of 
wood and 

agricultural 
residues 

Zolin et al. 
(2000) [147] 

[ ]-�
�

�
�
�

� -´=
RTdt

dX 134
exp1031.1 8  (low temperature) 

1-20; 1273 10 
slow pyrolysis of 

straw at 973-
1673K [ ]-�

�

�
�
�

� -´=
RTdt

dX 208
exp1054.4 8  (high temperature) 

Cozzani  
(2000) [146] 

( )[ ]XP
RTdt

dX
O -�

�

�
�
�

� -´= 1
162

exp1089.1 64.0
2

9  10;973 6-21 
slow pyrolysis of 

RDF at 723-
1073K 

Branca et al 
(2003) [104] 

( )[ ]9.011 1
6.182

exp104.1 X
RTdt

dX
-�

�

�
�
�

� -´=   

(beech, slow pyrolysis, � c=0.84 

5-15; 873 21 

slow and fast 
pyrolysis of beech 

wood at 800K; 
slow pyrolysis of 
hardwoods and 
softwoods at 

800K 

( )[ ]86.06 1
114

exp1011.1 X
RTdt

dX
-�

�

�
�
�

� -´=   

(beech, slow pyrolysis, � c=1) 

( ) ��
	


�
� -�

�

�
�
�

�
-´= 16.114 1

6.228
exp1085.4 X

RTdt
dX

  

(beech, fast pyrolysis, � c=0.87) 

Varhegyi et al. 
(2006) [105] 

[ ])(
151

exp1012.8 53.0

2

8 XFP
RTdt

dX
O�

�

�
�
�

� -´= : E=142-

151kJ/mol, n=0.53-0.59 (pyrolysis conditions) 

5-25; 573-733 20-100 
corncob flash 

carbonization at 
1.4MPa 

Branca et al. 
(2007) [107] 

( )[ ]210 1
167

exp1085.1 X
RTdt

dX
-�

�

�
�
�

� -´=  (� c=0.75) 

5-15; 873 21 
slow pyrolysis of 
oak bark at 800K 

( )[ ]85.17 1
129

exp107.1 X
RTdt

dX
-�

�

�
�
�

� -´=  (� c=1) 

 
Table 3 - Char oxidation rates with parameter values (the structural contribution is delimited by square 
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brackets) with heating rate, final temperature and volumetric fraction of O2 during oxidation, pyrolysis 
conditions and/or sample properties. 
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