
 

40
th

 Meeting of the Italian Section of the Combustion Institute 

 

MULTI-STEP KINETICS OF WOOD PYROLYSIS: 

ESTIMATION OF REACTION HEATS 
 

Carmen Branca*, Antonio Galgano*, Colomba Di Blasi** 
branca@irc.cnr.it 

* Istituto di Ricerche sulla Combustione, C.N.R., P.le V. Tecchio, 80125 Napoli, Italy 

** Dipartimento di Ingegneria Chimica, dei Materiali e della Produzione Industriale, Università degli Studi di 

Napoli "Federico II", P.le V. Tecchio, 80125 Napoli, Italy 

 

Abstract 

A summative kinetic model of beech wood decomposition for the pseudo- components 

hemicellulose (two steps), cellulose (one step) and lignin (two steps) is formulated and 

applied for the predictions of  differential thermogravimetric (DTG) and  differential scanning 

calorimeter (DSC) measurements. It is found that  pseudo-cellulose decomposition is a 

globally endothermic process with a reaction heat of 528J/g (of volatile evolved). Pseudo-

hemicellulose decomposition also takes place endothermally with reaction heats 321 and 

226J/g for the two reaction steps. Instead the two-step pseudo-lignin decomposition occurs 

with remarkable exothermicity corresponding to -728 and -635J/g.  

 

Font, Layout, and Margins 

The endothermic or exothermic character of biomass pyrolysis is a topic examined in a 

significant number of studies but the results are often different even from the qualitative point 

of view.  In particular, under conditions where both decomposition reactions and heat/mass 

transfer are controlling,  several studies (for instance, [1-5]) testify the occurrence of 

exothermic reactions that recently have been associated for the first time with pyrolytic 

runaway [6,7]. Already in a publication dated 1985 [8] it is put into evidence that  

“apparently, negative values of Hpyr (pyrolysis reaction heat) reflect the influence of 

secondary reactions prevalent in large particles at low heating rates.”  Indeed the variation in 

the activity of secondary reactions, caused by different intra- or extra-particle residence time 

of primary vapors and the actual temperature conditions, affects the global thermal character 

of the pyrolysis reactions.  

Increasing the pressure during pyrolysis causes a reduction in the reaction endothermicity 

or a shift to an exothermic behavior with an increase in the yields of char [9,10] again 

consequent to the enhancement of secondary exothermic reactions. The presence of a lid over 

the crucible of the thermogravimetric systems also produces the same qualitative effects [9-

13]. For instance, in the absence of significant resistance to volatile product flow, DSC 

analysis of wood [11] shows an endothermic peak followed, at higher temperatures, by an 

exothermic zone. However, when the activity of secondary reactions is favored with the 

presence of a lid, the first zone becomes less endothermic or even exothermic. Moreover, the 

extent of secondary reaction activity is also highly dependent on the microstructure of the 

material and thus on the sample particle size. Indeed, it has been observed that fixed-bed 

pyrolysis of hazelnut shells, once these are subjected to milling, looses the strong exothermic 

character leading to pyrolytic runaway [7]. Thus, even for extensively investigated materials, 

such as wood and the related commercial chemical components, widely variable global 

pyrolysis heats are reported. Therefore, it is of paramount importance, in the evaluation of the 

reaction heats, to analyze experimental data obtained for conditions where primary and 

secondary reaction effects are separated.   

In the first place primary pyrolysis reaction heats need to be estimated. Quantitative 

estimates are needed for the development of predictive models of both pyrolysis and 
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gasification/combustion plants. However, apart from the already mentioned difficulty in the 

selection of the proper global value as provided by previous literature, estimates of the 

reaction heats are actually needed for the multi-step kinetic models, that are coupled  with the 

description of transport phenomena. Pseudo-components hemicellulose, cellulose and lignin 

are introduced owing to the difficulty, by means of in-situ analysis of DTG data, to exactly 

identify and separate the decomposition rates of the various components. Nevertheless the use 

of pseudo-components is fully justified as the predominant role for the various zones of the 

main chemical components is generally evident. The reaction heats for these multi-step 

models have received very scarce consideration  [14].  

In this study we propose estimates, based on DSC measurements [12], of the heats of the 

reactions constituting multi-step devolatilization mechanisms of beech wood, starting from 

the three-step mechanism [15], including the evaluation of experiments carried out over a 

wide range of heating rates and the evolution of the pseudo-component lignin localized only 

at the high-temperature tail zone that, once incorporated into CFD models, are apt to provide 

quantitative predictions of practical systems 

 

Materials and Methods 

The reaction kinetics considered here consists of devolatilization models, assuming that 

volatiles are released according to a set of parallel reactions from the three pseudo-

components [15]. Then, the overall mass loss rate is a linear superposition of the contributions 

from the various steps. As previously shown [14], though the widely applied three-step 

mechanism already provides a very good description of the integral and differential mass loss 

curves, the predictions of the DSC curves are poor. It is generally accepted that cellulose 

decomposition can be well described by a single reaction step with high activation energy, but 

the decomposition of the other two main components is more complex. So a five-step model 

(two steps for pseudo-hemicellulose and pseudo-lignin and one step for pseudo cellulose) is 

proposed. The reactions rates present the usual Arrhenius dependence (Ai are the pre-

exponential factors and Ei the activation energies) on the temperature and a linear dependence 

on the evolved volatile mass fraction. For the mass conservation equations, the sample 

temperature, T, is a known function of time and the mathematical model consists of five 

(reaction steps) ordinary differential equations for the mass fractions, Yi, of the volatile 

fractions: 

   (dYi)/dt=-Aiexp(-Ei/RT)Yi , Yi (0)=νi, i=1, n   (a1-an) 

 

where i, indicated in the following as stoichiometric coefficients, are the initial mass 

fractions of the lumped classes of volatiles generated. The evaluation of the reaction heat is 

straightforward and makes use on the following equations: 

 

   Qi=-∆Hi Ai exp(-Ei/RT) Yi ,  i=1,⋯,n    (b1-bn) 

 

The parameters are estimated through the numerical solution of the mass conservation 

equations and the application of a direct method for the minimization of the objective 

function, which considers the DTG and DSC data for the various heating rates. 

The mass loss curves of beech wood devolatilization (heating rates of 5-80K/min) and 

water-washed beech wood (heating rates 3-108K/min) [15] are evaluated by means of a five-

step mechanism. For the estimation of the reaction heats, the DTG and DSC curves [12] for 

beech wood (heating rate 20K/min) are examined. More specifically the experiments made 

with open crucibles are considered, so as to limit the effects of secondary decomposition and 

to obtain parameter values essentially representative of primary reaction heats. 
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Results 

Estimates of the kinetic constants and the reaction heats are provided for a five-step 

mechanism of beech wood devolatilization.  

 

Reaction kinetics 

The results obtained for the kinetic parameters of the five-step model are listed in Table 1, 

obtained from the evaluation of beech wood and water-extracted beech wood 

thermogravimetric curves [15]. These table also list (in brackets) the kinetic parameters for 

beech wood when using the data [12] (sample of the same wood species but of different 

origin) with the optimization focused on the DSC curve.  The data for the three-step model 

[14,15] are also included for comparison purposes. The component dynamics and a general 

overview for the performances of the five-step model  can be gained from Fig.1.  

 

Table 1 - Estimated kinetic parameters and corresponding heats for the three-, four- and five-

step reaction model for beech wood and water-washed beech wood (activation energies, Ei, 

pre-exponential factors, Ai). 

 

 

 

 
 

Compared with the three-step [14,15], the five-step model improves the description of the 

initial and final zones of the DTG curves. On the other hand, given the good description of the 

central zone of the curves, it can be expected that the variations on the parameters of the 

pseudo-cellulose curve will be small. Thus, also to facilitate the estimation procedure, it is 

assumed that the stoichiometric coefficient for the central zone (amount of volatiles generated 

from the pseudo-cellulose decomposition) does not vary with respect to the tree-step model. 

The component dynamics (Fig. 1) reveal that the quality of the predictions for the final tail or 

both the final tail and the initial shoulder is actually improved and becomes comparable with 

that of the central zone. In accordance with the estimated activation energies, it can be 

understood that the first step of the pseudo-lignin decomposition preserves the chief features 

of the one-step model (essentially the same activation energy, 184 versus 179kJ/mol). In fact 

the second step, with a lower activation energy (about 160kJ/mol), is useful to predict the 

slow final part of the rate curves that in the three-step model was discarded. The first step for 

the decomposition of the pseudo-hemicellulose also preserves the main characteristics of the 

one-step model (activation energy of 130 versus 128kJ/mol). Thus the remaining reduced 

width of the shoulder zone can be better captured by the second step with a higher activation 

energy (around 160kJ/mol). As confirmed by Fig.2, the improvements on the prediction 

quality of the five-step model, with respect to the three-step model, is preserved at higher 

heating rates. Though, from a visual inspection, the improvements seem to be remarkable, in 

quantitative terms the actual deviations on the rate curves (Table 1) are only weakly reduced 

(from about 4 to 2.5%). These results confirm that, for wood, when the sole kinetics is of 

interest, the inclusion of multi-step mechanisms for the main three pseudo-components 

(hemicellulose, cellulose and lignin) does not led to improvement truly significant from the 

practical point of view. 
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Figure 1 - Comparison between DTG predictions (data in Tables 1-2) of the five-step model 

(solid lines) and measurements (symbols) and predicted component dynamics (dashed lines) 

(heating rate 5K/min, left side; at several heating rates, right side) for beech wood. 

 
Before considering the reaction heats, it is useful to briefly examine the small changes 

introduced by the specificity of the beech wood sample used in [12] on the kinetic parameters 

(data in bracket in Tables 1-2). Small variations are observed on the parameters of the pseudo-

hemicellulose decomposition reactions and the position of the peak rate for the pseudo-

cellulose decomposition. It is plausible that the amounts/composition of extractives and ashes, 

which may depend on the geographical origin of the sample, are responsible for such results.       

 

Reaction heats   

The estimated values for the reaction heats for the various kinetic models are listed in Table 1. 

A comparison between predictions and measurements, including component dynamics, can be 

made through Figs. 3A-3B. To facilitate the attribution of the estimated heats to the 

corresponding reaction step, the component devolatilization rates as well as a comparison 

between predictions and measurements of the DTG curves are provided. The same set of 

kinetic parameters is used for the prediction of both the DTG and DSC curves except for the 

pre-exponential factor of the decomposition reaction of pseudo-cellulose which, for the latter 

data, always requires a reduction factor around 1.5. It is likely that this requirement stems 

from the establishment of slightly different thermal conditions for the DTG and DSC 

experiments. The visual observation of the measured heat curve shows that a temperature 

around 673K separates a wide endothermic zone, characterized by two consecutive peaks, 

from an exothermic zone with a much smaller peak and a rather long tail. Starting from the 

three-step model and looking at the position of the devolatilization peaks, it can be speculated 

that on a global basis the pseudo-components hemicellulose and cellulose degrade 

endothermally whereas the pseudo-lignin degrades exothermally. The estimated reaction heats 

are in the order around 250, 601 and -923 J/g, referred to the amounts of the lumped volatile 

products. Hence, for the conditions of the DSC experiments, the energy requirements for the 

decomposition of the pseudo-cellulose are about 2.4 higher than those for the pseudo-

hemicellulose. On the other hand, the decomposition of the pseudo-lignin is a rather intense 

exothermic process. The three-step model provides a good description of a large part of the 

DSC curve. Small deviations for the DSC curve are evident for temperatures around 575-

625K (corresponding to the DTG pseudo-hemicellulose shoulder). Deviations become higher 

mainly for temperatures above 680K (corresponding to the DTG pseudo-lignin tail). In other 

words, the three-step reaction model misses, for a large part, the exothermic peak of the DSC 

curve. Hence, though the mass loss rate for this zone is small and is actually not described by 

the mass loss rate predictions, its absence does not permit to predict the high-temperature 

exothermicity of the decomposition process. It is important pointing out that the reaction heats 
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estimated refer to pseudo-components and take into account the effects due to both primary 

and secondary reactions, despite of the minimization in the  activity of the latter in the 

experiments by the use of small sample mass and open crucibles. Moreover, the estimated 

values also include possible effects related to heat/mass transfer, e.g. convective cooling 

associated with the outflow of the hot volatile products, but these effects are again expected to 

be small owing to the reduced sample mass. 

 

Figures. 3A-3B- Comparison between  DSC (A) and DTG (B) predictions (data in Tables 1-

2) of the five-step model (solid lines) and measurements (symbols) and predicted component 

dynamics (dashed lines) for beech wood (heating rate 20K/min). 

 
The introduction of a further high-temperature step for the decomposition of the pseudo-lignin 

results into a remarkable improvement in the description of the DSC curve for the final part. 

Thus the additional reaction step, though describing only a small part of the DTG curve, is 

needed for an accurate description of the reaction thermicity. The estimated reaction heats are 

about -800 and -621J/g for the two steps but the large part of the volatile are generated from 

the first step (7 versus 4%).  As expected, the further inclusion of an additional step for the 

decomposition of the pseudo-hemicellulose is useful to slightly improve the description of the 

low temperature DSC curve. It is worth noticing that the first step is weakly more 

endothermic than the second one (321 and 227J/g). However, the amount of volatile species 

generated in the first step is smaller (only 6wt% versus 18wt%). 

The improvement in the description of the low- and high-temperature zone of the DSC curve 

is also associated with small variations on the estimated heat for the decomposition of the 

pseudo-cellulose. This result is due to an enlargement of the temperature range where the 

same constant amount of volatiles is released and from a reduced overlapping between the 

central pseudo-cellulose zone and the other two adjacent zones. 

 

Conclusions 

DTG and DSC measurements of beech wood decomposition, obtained with reduced activity 

of secondary reactions, have been evaluated with the aim of simultaneously estimating the 
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reaction  kinetics and the related heats. More precisely, multi-step kinetics, based on the 

application of first-order reactions for the release of volatiles from the pseudo-components 

hemicellulose, cellulose and lignin, is proposed and the heats corresponding to the various 

steps are estimated. 

The kinetic parameters of the multi-step models are in line with those already estimated [15] 

but the corresponding reaction heats have been estimated. For the typical conditions of DSC 

analysis, pseudo-cellulose decomposition takes place with an endothermic request (528J/g of 

volatile evolved). The decomposition of pseudo-hemicellulose is also a globally endothermic 

process with reaction heats of 321 and 226J/g  for the two steps. On the contrary a significant 

exothermicity is evaluated for pseudo-lignin decomposition with the corresponding heats of  -

728 and -635J/g  for the two steps. 
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