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Abstract 16 

The pyrolysis kinetics of beech wood was analyzed using model-free and model-17 

fitting methods. Experimental measurements of the pyrolysis process were 18 

conducted in two thermogravimetric analyzers (TGA), a TG 209/2/F from Netzsch 19 

and a TGA Q500 from TA Instruments, which were found to have a similar 20 

precision in the establishment of the preset heating rate. Two experimental 21 

procedures were employed: (i) introducing samples which were pre-dried 22 

externally before the experiments were executed and (ii) internal (in situ) drying 23 
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of the samples in the TGA via a special temperature program below 150 C which 24 

preceded the pyrolysis process. 25 

The kinetic parameters were derived (i) using several model-free methods,  26 

namely Kissinger method, isoconversional methods, a simplified Distributed 27 

Activation Energy Model (sDAEM) and, (ii) using a model-fitting method via a five-28 

step reaction model which calculates the differential thermogravimetric (DTG) 29 

curves at different heating rates; the calculated DTG curves were further 30 

analyzed by Kissinger’s method to obtain overall kinetic data.  31 

The kinetic parameters were found to be different in the two experimental 32 

procedures. Also, they turned out different when the assumed end temperature 33 

of the pyrolysis process was varied. This is because the pyrolysis of slowly 34 

charring solid residues becomes more important with increasing temperature and 35 

finally overruns the release of volatiles from the wood samples. For the same 36 

experimental procedure and for sufficiently low end temperatures, corresponding 37 

to a degree of conversion less than 85 %, model-free and model-fitting methods 38 

resulted in similar kinetic parameters.   39 

Keywords: biomass pyrolysis; pyrolysis kinetics; model-free methods; model-40 

fitting methods. 41 

Nomenclature 42 

A  pre-exponential factor of rate coefficient [s-1] 43 

  degree of conversion [%] 44 

  heating rate [K min-1, K s-1] 45 

mea  heating rate measured by the TGA [K min-1, K s-1] 46 



3 
 

set  heating rate programmed to the TGA [K min-1, K s-1] 47 

E   activation energy [kJ mol-1] 48 

E0  mean value of Gaussian distribution of activation energy [kJ mol-1] 49 

E  activation energy for a specific value of the conversion degree [kJ mol-1] 50 

   average relative error [%] 51 

A   average relative error of the pre-exponential factor A [%] 52 

E   average relative error of the activation energy E [%] 53 

f()      differential form of the -dependent part of the rate equation [-] 54 

g()     integral form of the -dependent part of the rate equation [-] 55 

h(E)     probability density function of the activation energy [mol kJ-1] 56 

k   rate coefficient/constant of a first-order reaction [s-1] 57 

m   mass of the sample remaining [g] 58 

m0   initial mass of the sample at the beginning of TGA test [g] 59 

mpi   mass of the sample remaining at the beginning of the pyrolysis [g] 60 

mpf   mass of the sample remaining once the pyrolysis is completed [g] 61 

n   order of the pyrolysis reaction [-] 62 

N   total number of heating rates considered [-] 63 

i,j   stoichiometric coefficient of carbon from component i in reaction j [-] 64 

R   universal gas constant [J mol-1 K-1] 65 

R2   determination coefficient [-] 66 

t   time [min] 67 

T   temperature [ºC, K] 68 

T0   initial temperature of the pyrolysis process [ºC, K] 69 

Tmax   temperature at which the reaction rate has its maximum [ºC, K] 70 

X   percentage of mass of the sample remaining [%] 71 
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Xpi   percentage of mass remaining at the beginning of pyrolysis process [%] 72 

Xpf   percentage of mass remaining at the end of pyrolysis process [%] 73 

Abbreviations: 74 

CFD  Computational Fluid Dynamics  75 

DTG  Differential Thermogravimetric 76 

HHV   Higher Heating Value 77 

KAS  Kissinger-Akahira-Sunose 78 

LHV  Lower Heating Value 79 

OFW  Ozawa-Flynn-Wall 80 

sDAEM   simplified Distributed Activation Energy Model 81 

TG  Thermogravimetric 82 

TGA   Thermogravimetric Analysis / Thermogravimetric Analyzer 83 

1. Introduction 84 

Biomass is one of the most widely used renewable energy carriers due to its 85 

worldwide availability, its net carbon dioxide neutral character, and because it is 86 

easy to store, which permits decentralized production of heat and power on-87 

demand. Furthermore, the local availability of biomass can increase fuel security 88 

and reduce carbon dioxide emissions associated with fuel transportation [1]. 89 

Biomass can be transformed via biochemical, physico-chemical, and 90 

thermochemical processes [2]. This paper is on pyrolysis, defined as thermal 91 

degradation in the absence of oxygen and other gasifying media [3]. Pyrolysis 92 

presents several benefits, such as the use of moderate temperatures (300-600 93 

ºC), the mostly small amount of pollutant emissions, and the possibility to obtain 94 

a high-quality liquid fuel, easy to handle, store and transport. 95 
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Pyrolysis of biomass can be studied using thermogravimetric analysis (TGA) or 96 

differential scanning calorimetry (DSC) [4]. The goal of TGA is to determine the 97 

global kinetic parameters of biomass pyrolysis processes (activation energies 98 

and pre-exponential factors), which in combination with other analytical 99 

measurement techniques helps to clarify the thermal decomposition process and 100 

to understand the product formation from the pyrolysis reactions. Moreover, these 101 

global kinetic data can also be employed for the design and optimization of 102 

pyrolysis reactors and as input parameters for CFD simulations [5]. 103 

The derivation of the kinetic parameters can be based on model-fitting or on 104 

model-free methods. Model-fitting methods require an assumption about the 105 

reaction mechanism and a suitable fit of the rate constants to match the overall 106 

results obtained from TGA measurements. In contrast, model-free methods 107 

assign only overall kinetic parameters to the decomposition process of the bulk 108 

sample. No effort is made in this case to clarify the product formation. Therefore, 109 

the computational procedure is relatively simple and the cost of model-free 110 

methods is low compared to the cost of model-fitting methods [6]. Vyazovkin et 111 

al. [7] consider that the kinetic parameters obtained from model-free methods are 112 

more consistent and reliable due to the absence of multiple assumptions made 113 

in model-based analyses. However, model-free methods yield less detailed 114 

information than model-fitting methods. 115 

In previous studies of model-free methods, the fitting precision and the reliability 116 

of kinetic parameters were found to be directly related to the experimental 117 

uncertainty, which can be high [8,9]. In contrast, high fitting precision was 118 

demonstrated to be realized using model-free methods [10]. This emphasizes the 119 
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need for a critical comparison of the results obtained from model-free and model-120 

fitting kinetic methods, which is the major objective of the present study. 121 

In this work, the pyrolysis of beech wood was studied experimentally by non-122 

isothermal thermogravimetric measurements performed in two different TGA 123 

instruments. The main novelty of the work relies on analyzing the experimental 124 

measurements conducted by two different research groups using two different 125 

TGA apparatus, by means of several model-free and a model-fitting method. 126 

Regarding model-free methods, various isoconversional models as well as the 127 

simplified Distributed Activation Energy Model (sDAEM), which is a multi-step 128 

method, were employed. In addition, a model-fitting method based on a five-step 129 

mechanism was used. Another innovation of this work is the use of different 130 

drying procedures for the beech wood samples. The different drying procedures 131 

tested were found to yield different pyrolysis kinetic data. Furthermore, the kinetic 132 

parameters were determined selecting different final temperatures for the 133 

pyrolysis process. In this way, the effect of the increasing contribution of 134 

secondary char pyrolysis to the whole pyrolysis process could be quantified.  135 

2. Theory 136 

Model-free methods permit the computation of the kinetic parameters for specific 137 

values of the pyrolysis conversion degree, requiring no assumptions about the 138 

reaction mechanism. Most of them describe biomass pyrolysis kinetics by an 139 

assumed single-step overall rate equation: 140 

( ) ( ) ,d k T f
dt


=  (1) 141 
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employing the degree of conversion , which is a dimensionless quantity, rather 142 

than the measured sample mass m. The rate of reaction d/dt is expressed as a 143 

function of temperature k(T) and a function of the conversion f(), which depends 144 

on the reaction order.  145 

For consistency, the International System of units (kg, m, s, K) is used for all the 146 

variables included in the equations presented in this work.  147 

For the rate coefficient, the most widely used temperature dependence 148 

expression is that proposed by Arrhenius [11]: 149 

( ) exp ,Ek T A
RT

 = − 
 

 (2) 150 

where A is the pre-exponential factor, E is the activation energy, R is the universal 151 

gas constant, and T is the temperature. The resulting kinetic parameters may be 152 

dependent on the degree of conversion. Also, they may be understood to 153 

represent some average of all microscopic processes which contribute to the total 154 

pyrolysis process. Model-free methods include Kissinger’s method, 155 

isoconversional methods, and multi-step methods, like the simplified Distributed 156 

Activation Energy Model (sDAEM), which are described in detail below. The 157 

Kinetics Committee of the International Confederation for Thermal Analysis and 158 

Calorimetry (ICTAC) recommends the calculation of kinetic parameters from 159 

isoconversional models for a wide range of conversion values, from 5% to 95% 160 

[7]. In addition, the sDAEM has been widely used to derive pyrolysis kinetic data. 161 

Model-fitting methods interpret and approximate the measured mass loss (i) by 162 

generalized reaction mechanisms, templates of which are available in the 163 
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literature [12-14] or (ii) by individually developed reaction mechanisms, which 164 

usually involve a set of several first order reactions.  165 

The template reaction mechanisms (i) represent decomposition processes which 166 

are relevant to any type of solids, not only solids of biogenic origin. Hence, they 167 

focus on n-th order reaction mechanisms, on the evolution of lattice defects in 168 

crystals, on diffusion limited decompositions, etc. In contrast, individually 169 

developed reaction mechanisms (ii) involve explicit reaction schemes which were 170 

developed for the specific substance under investigation, like the famous Broido-171 

Shafizadeh models for the pyrolysis of cellulose [15,16] and numerous 172 

modifications and refinements thereof, as reviewed by Antal et al. [17] and by 173 

Conesa et al. [18]. Of course, the published reaction mechanisms vary 174 

considerably in the detailed description of various decomposition pathways, 175 

some of them [19] even consider thermodynamic data of the involved substances 176 

and specific processes at the molecular level, as reviewed recently by Wang et 177 

al. [6]. In practice, a good compromise is sought between user friendly 178 

applicability, completeness and accuracy.  179 

It is emphasized here that the rate constants of such explicit mechanisms are not 180 

generally valid, because they do not refer to elementary reactions, but to 181 

composite reactions of biopolymers. Therefore, none of the reported rate 182 

constants is applicable to a different reaction scheme. They are valid only within 183 

the frame of the particular reaction mechanism for which they were developed. 184 

Other limitations of global mechanisms are the neglect of reverse reaction 185 

pathways and of heat release or consumption, but this is beyond the scope of 186 

this paper.  187 
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As noticed repeatedly in the literature, the kinetic data (A, E) derived from model-188 

fitting or from model-free approaches vary substantially; famous examples are 189 

the round robin studies of the thermal decomposition of cellulose [20] and calcium 190 

carbonate [21]. Besides systematic errors, the data handling and the methods of 191 

data evaluation came into focus and were shown to contribute to the scattering 192 

of kinetic results [21-23].  193 

2.1. Kissinger method 194 

The Kissinger method [24,25] is based on the differential form of the rate 195 

equation. It relates the temperature Tmax, at which the rate of reaction, d/dt, 196 

reaches a maximum, to the heating rate . In case of a first order reaction, the 197 

relation reads: 198 

2
max max

ln ln .AR E
T E RT
   = −   

  

 (3) 199 

This characteristic equation can be employed to determine the pre-exponential 200 

factor A and the activation energy E of the pyrolysis reactions from a set of 201 

differential thermogravimetric (DTG) curves obtained at different heating rates . 202 

Eq. (3) is exact only for single and pure substances which decompose according 203 

to a first-order reaction. However, for complex solid fuels such as biomass, 204 

Kissinger’s method produces single values of A and E averaged over all individual 205 

physico-chemical processes, which in reality vary with the degree of conversion 206 

. Therefore, the results obtained from the Kissinger method should be 207 

considered carefully. It is recommended to cross-check the dependence or 208 

independence of the kinetic parameters on the degree of conversion by an 209 

isoconversional method or by sDAEM [26]. 210 
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2.2. Isoconversional methods 211 

The isoconversional methods can be classified into differential and integral 212 

methods, depending on the form of the rate equation on which they are based 213 

[6]. The only differential isoconversional method of practical importance is the 214 

Friedman method [27], whereas a variety of integral isoconversional methods are 215 

in common use, e.g., the Ozawa-Flynn-Wall (OFW) method [28,29] and the 216 

Kissinger-Akahira-Sunose (KAS) method [24,30]. 217 

The characteristic equation of the Friedman model, Eq. (4), is obtained directly 218 

from the logarithm to the differential form of the rate equation, Eq. (1). For the 219 

assumed first order kinetics of the pyrolysis process, f() = 1 -  [31], hence: 220 

( )( )ln ln 1 .d EA
dt RT



  = − − 
 

 (4) 221 

The integral isoconversional methods make use of the integral form of the rate 222 

equation:  223 

( ) ( ) 00 0
exp exp .

T T

T

d A E A Eg dT dT
f RT RT

 


  

   = = −  −   
   

    (5) 224 

This integral employs the isoconversional principle according to which A and E 225 

are independent of temperature. The lower integration limit T0 can be 226 

approximated by 0, since usually the degree of conversion below the starting 227 

temperature is negligible [28]. The integral in Eq. (5) is the so-called temperature 228 

integral, I(E,T). It has no analytical solution, thus, Eq. (5) needs to be solved by 229 

approximation or by numerical integration [26].  230 
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The OFW [28,29] method uses the approximation of Doyle in Eq. (5) [32]. For first 231 

order reactions, the function g is g() = -ln(1-) [31], and the OFW characteristic 232 

equation yields: 233 

( )
ln ln 5.3305 1.052 .

 ln 1
AE E

R RT




 
= − − −  − 

 (6) 234 

The Kissinger-Akahira-Sunose (KAS) method [24,30] improves the accuracy of 235 

the OFW method by using the approximation of Murray and White [33] for the 236 

temperature integral instead of Doyle’s approximation. The characteristic 237 

equation then reads: 238 

( )2ln ln .
 ln 1

AR E
T E RT




   = − −    −   
 (7) 239 

Further details of the mathematical derivation of the isoconversional kinetic 240 

methods can be found elsewhere [10, 34]. Corresponding to the validity of the 241 

approximations to the temperature integrals, the expected numerical accuracy of 242 

KAS method is higher than that of OFW method. 243 

2.3. Simplified Distributed Activation Energy Model (sDAEM) 244 

The Distributed Activation Energy Model (DAEM) proposed by Vand [35] 245 

assumes the pyrolysis of a solid fuel to be a superposition of a large number of 246 

independent first-order Arrhenius type reactions with different activation energies, 247 

which can be represented by a continuous probability density function h(E), with 248 

units of inverse activation energy. For a constant heating rate  = dT/dt, the 249 

degree of conversion  for the original DAEM can be written: 250 
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( )
0 0

1 exp e d  d .
T E RTA T h E E



 − 
= − − 

 
   (8) 251 

The exponential function in Eq. (8) is the so-called  function. For the original 252 

DAEM, the form of the probability density function of the activation energy should 253 

be assumed to follow any statistical distribution like Gaussian, Weibull, etc. Thus, 254 

the original DAEM is an implicit model-fitting kinetic method.  255 

Miura [36] and Miura and Maki [37] proposed a simplified DAEM (sDAEM), which 256 

is an integral model-free multi-step method. In view of the rapid variation of the  257 

function from 0 to 1, Miura [36] proposed to approximate it by a step function for 258 

any specific value of the activation energy. Using the approximation of Coats and 259 

Redfern [38] for the temperature integral and the approximate value of 0.58 for 260 

the step variation, the  function becomes: 261 

( )
2

0
, exp e d exp e 0.58.

T E RT E RTA ARTE T T
E


 

− −  
= −  − =  

   
  (9) 262 

Then, taking logarithms to Eq. (9), the characteristic equation for the sDAEM is: 263 

2ln ln 0.6075 .AR E
T E RT
   = + −   

   
 (10) 264 

Therein, A and E usually vary with . Miura and Maki [37] proposed the use of 265 

several TG curves, measured at several constant heating rates , to determine A 266 

and E for each value of . Soria-Verdugo et al. [39,40] found that at least five TG 267 

curves should be used in order to reproduce the measured TG curves with 268 

reasonable accuracy. Moreover, characteristic sDAEM equations for time 269 

dependent heating rates are available now [40,41]. Overall, the numerical 270 
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accuracy of the sDAEM method is estimated to be comparable to the KAS 271 

method. 272 

2.4. Model-fitting kinetic method 273 

Originally, a three-step mechanism was developed for the independent 274 

decomposition of the three pseudocomponents, i.e., hemicellulose, cellulose, and 275 

lignin. Despite its plausibility, such an approach has limitations, because no 276 

particular consideration of the polymeric nature of the biomass is made, effects 277 

of inorganic constituents are neglected, etc. [43]. Moreover, such a model 278 

predicts the separation of the hemicellulose and cellulose peaks at low heating 279 

rates [44,45], which is contrary to experimental evidence [46]. This can be 280 

avoided by increasing the number of reactions. The five-step model includes two 281 

parallel decomposition pathways for cellulose, one of which leads to intermediate 282 

tar formation. As default tar species levoglucosan was chosen, because it is a 283 

key species of wood pyrolysis and since the overall tar composition can be 284 

approximated by C6H10O5, which is the sum formula of both the cellulose 285 

monomer and levoglucosan [46-49]. The five-step model is listed in Table 1. 286 

Table 1: Reaction scheme of the five-step model [45,50]. 287 

compound                   reaction1)     A  
  [s-1] 

    E 
[kJ/mol] 

cellulose C6H10O5 → gas + 2.5 C 2108 132 
cellulose C6H10O5 → 0.75 tar + gas + 0.625 C 31013 195 

hemicellulose C5H8O4 → gas + 2 C 1107 105 
lignin C10H10O4 → gas + 4.3 C 1.51014 192 

tar C6H10O5 → gas 2107 122 
1) gas composition is not a subject in this work; therefore, it is not specified here 288 

The pseudocomponents are represented by their monomeric formulas and “gas” 289 

is a mixture of carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), 290 
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hydrogen (H2) and water vapor (H2O) to complete the stoichiometry. Within this 291 

model, methane is a lump species which stands for all the non-tar hydrocarbons 292 

[50]. The kinetic data were obtained by manual fits to experimental DTG curves 293 

of several beech wood samples. The quality of such data fits is usually assessed 294 

by comparison to a model-free approach. Recently, the five-step model was 295 

extended to include dual decomposition reactions for all pseudo-components and 296 

two different tar species [51]. 297 

The kinetic parameters derived from these kinetic methods, either model-free or 298 

model-fitting, could be used in combination to heat and mass transfer models to 299 

simulate the pyrolysis process of wood in a bench scale or even industrial unit. 300 

The validity of the kinetic results derived from these methods for a bench scale 301 

facility was already demonstrated by Tomasi Morgano [52], however, the validity 302 

for industrial units should be evaluated. 303 

3. Materials and methods 304 

3.1. Feedstock analysis 305 

European beech wood, Fagus sylvatica, was adopted for this study. Bark-free 306 

grinded material, particle size of 0.5-1.0 mm, was purchased from J. Rettenmaier 307 

und Söhne GmbH & Co. in Rosenberg, Germany. The feedstock was selected 308 

due to the extensive data available in the literature as well as for its high 309 

reproducibility and constant chemical composition. 310 

Analysis of the feedstock was carried out following the respective German DIN 311 

Standards [53]. The chemical composition was determined by the Klason and 312 

Kürschner standards [54] to evaluate the content of cellulose, hemicellulose and 313 
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lignin. The results of the analysis are reported in Table 2. Considering the 314 

characteristics of beech wood reported in Table 2, the results of the kinetics 315 

analysis performed in this work are specific for wood. The results may differ for 316 

different solid samples such as polymers, coal, or non-lignocellulosic biomass. 317 

Table 2: Characterization of the feedstock European beech wood (Fagus 318 

sylvatica). 319 

Parameter Method Value Unit 
Moisture DIN EN 14774-2 9.7 wt.% ar 
Proximate analysis 
Ash (550°C) DIN EN 14775 1.4 wt.% db 
Volatile matter DIN EN 15148 83.3 wt.% db 
Fixed carbon analog to DIN 51734 15.3 wt.% db 
Elemental analysis 
Carbon DIN EN 15104 49.5 wt.% db 
Hydrogen DIN EN 15104 6.0 wt.% db 
Nitrogen DIN EN 15104 0.19 wt.% db 
Oxygen* DIN EN 15296 42.9 wt.% db 
Trace elements 
Sulfur DIN EN 15289 0.016 wt.% db 
Chlorine DIN EN 15289 < 0.005 wt.% db 
Fluorine analog to DIN EN 15289 < 0.001 wt.% db 
Calorific values 
HHV DIN EN 14918 19530 kJ/kg db 
LHV DIN EN 14918 18230 kJ/kg db 
Chemical analysis 
Cellulose Kürschner 44.9 wt.% daf 
Hemicellulose Sodium Chlorite NaClO2

# 33.9 wt.% daf 
Lignin Klason 21.2 wt.% daf 
ar is as received; db is dry basis; daf is dry ash-free basis 
* calculated by difference 
# calculated from holocelullose 

 320 
3.2. Thermogravimetric analyzers 321 

Two different thermogravimetric analyzers (TGA) were employed to conduct 322 

pyrolysis tests: a TGA Q500 from TA Instruments located at BIOLAB in University 323 
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Carlos III of Madrid (UC3M), Spain and a TG 209/2/F from Netzsch located at the 324 

Institute for Technical Chemistry in Karlsruhe Institute of Technology (KIT), 325 

Germany. The technical specifications of both TGA instruments are included in 326 

Table 3, where the similarity of both devices can be seen. 327 

Table 3: Technical specifications of TGA Q500 and TG 209/2/F. 328 

Parameter TGA Q500 TG 209/2/F 
Maximum sample mass [g] 1 1 
Mass measurement precision [%]  0.01  0.01 
Mass resolution [g] 0.1 0.1 
Pan volume [l] 100 85 
Pan material Platinum Aluminum oxide 
Furnace nitrogen flow rate [ml/min] 60 15 
Balance nitrogen flow rate [ml/min] 40 10 
Heating rate range [ºC/min] 0.01 – 100 0.1 – 80 

 329 

The monitored variables during the pyrolysis tests in both TGA apparatus, i.e., 330 

time t, temperature T, percentage of mass remaining X, and variation of the 331 

percentage of mass remaining dX/dt, were recorded in temperature intervals of 332 

0.1 ºC. 333 

3.3. Pyrolysis measurements in TGA 334 

The recommendations of the ICTAC kinetics committee [55] were considered for 335 

collecting the experimental thermal analysis data used for the kinetic 336 

computations. The initial sample mass was 10.50.5 mg. This mass is low 337 

enough to guarantee a negligible effect of heat and mass transfer inside the 338 

sample, while providing a high signal-to-noise ratio during the measurements.  339 

The pyrolysis process was studied in two different procedures: 340 

(i) external drying (experiments with pre-dried samples)  341 



17 
 

In these experiments, the wood samples were dried in a heated oven at 105 C 342 

for 24 hours to obtain a residual moisture close to 5 % and were protected against 343 

ambient atmosphere until usage. During pyrolysis, the temperature was 344 

increased from room temperature to 900 ºC at constant heating rates of 5, 10, 345 

15, 25, 35, and 50 ºC/min. All experiments were repeated twice both in the TGA 346 

Q500 and in the TG 209/2/F. The heating rates are low in comparison to industrial 347 

applications; however, the kinetic parameters were previously found to be 348 

independent of the heating rate in the range 20 – 200 ºC/min for some biomass 349 

samples [56,57].  350 

(ii) internal drying (in situ drying of the samples) 351 

In these experiments, the samples were introduced into the TGA as received, i.e., 352 

containing approximately 10 wt.% of humidity, and a two-stage heating pyrolysis 353 

was used in the TGA tests [58]. The temperature was first increased to 105 C 354 

and kept at that level for roughly 30 min, before starting the pyrolysis and heating 355 

up further to 900 C. The same six different values of the heating rate as for the 356 

external drying tests were used for the in situ drying tests. The pyrolysis of the in 357 

situ drying samples was conducted only in the TGA Q500 to quantify the effect of 358 

the in situ process by comparison with the results of the pre-dried samples.  359 

3.4. Processing of the TGA data 360 

As already mentioned, the five-step model [45] was developed by manually fitting 361 

the experimental DTG results of several beech wood pyrolysis experiments to the 362 

set of five first order reactions, Table 1. For this purpose, the initial composition 363 

of beech wood was set to 45 wt.% cellulose, 34 wt.% hemicellulose and 21 wt.% 364 

lignin (daf, see Table 2). The total initial mass, the starting temperature T0 and 365 
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the heating rate  were set to the experimental conditions. The time derivative of 366 

the mass of each pseudocomponent i in reaction j was set to: 367 

,
, ,

d
exp ,

d
i j j

i j i j

m E
A m

t RT
 

= − − 
 

 (11)                           368 

where the evolution of temperature T with time t is linear T = T0 +   t. Note that, 369 

of course, since cellulose has two decomposition pathways in the five-step model, 370 

the time derivative of its mass is the sum of two rate expressions (j = 1 and 2). 371 

Similarly, the time derivative of carbon (char) formation is: 372 

, , ,
d exp ,
d

jC
i j i j i j

j i

Em A v m
t RT

 
= − 

 
  (12)                                                     373 

where i,j is the stoichiometric coefficient of carbon from component i in reaction 374 

j. The differential equations were solved to obtain, amongst others, the total solid 375 

mass (TG curve) and its time derivative (DTG curve) as a function of time and 376 

temperature using a double precision version of the LSODE package from 377 

Lawrence Livermore National Laboratory (LLNL) [59]. The numerical values for 378 

i,j, Aj,j and Ej are listed in Table 1 in section 2.4. 379 

All model-free methods are based on the degree of conversion  and its rate of 380 

variation d/dt which were determined from the monitored variables of both TGA 381 

apparatus. The degree of conversion  varies between 0 % at the beginning of 382 

the pyrolysis process and 100 % when the pyrolysis is completed. The degree of 383 

conversion  can be calculated as: 384 

100 ,pi

pi pf

m m
m m


−

= 
−

 (13) 385 
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where m is the mass of the sample remaining at time t and mpi is the initial mass 386 

of the sample when pyrolysis starts, i.e., at 150 ºC, and mpf is the final mass of 387 

the sample once the reaction is completed. Its value varies a little depending on 388 

the temperature which is chosen to be the final temperature of the pyrolysis 389 

process. Then, dividing by the initial mass of the sample employed in the TGA 390 

test m0, the degree of conversion  can be expressed in terms of the current 391 

mass percentage which is the output reading of the instruments: 392 

100 .pi

pi pf

X X
X X


−

= 
−

 (14) 393 

In view of the definition of the degree of conversion  as a function of the 394 

percentage of mass remaining X, Eq. (14), the rate of variation of  can be related 395 

to the rate of variation of X as: 396 

d 1 d .
d dpi pf

X
t X X t

= −

−
 (15) 397 

4. Results and discussion 398 

4.1. Precision of heating rates in the two TGA instruments 399 

In a TGA, the desired change of the sample temperature with time is pre-set by 400 

the programmed heating rate. However, the real sample temperature lags behind 401 

the programmed temperature and behind the temperature reading. The exact 402 

discrepancy is due to several instrument properties and operation conditions like 403 

location of the thermocouple, nature and flow rate of the inert carrier gas, heating 404 

rate, sample mass and particle size distribution, as well as the reaction heat. The 405 

thermal lag error increases at faster scanning rates, larger sample masses, 406 



20 
 

higher weight sample pans, etc. Therefore, the capability of the TGA to maintain 407 

the heating rate at a constant value set during the whole process is a 408 

characteristic of the instrument with the pan system, the employed experimental 409 

conditions and the sample itself. To compare the instruments’ performance 410 

considering their specifications and the given different operation conditions 411 

(Table 3 without considering the maximum sample mass) the heating rates 412 

obtained in both TGAs during all the beech wood pyrolysis tests were determined 413 

in a post-processing procedure as the time derivative of the temperature output 414 

reading. This parameter is denoted mea. A moving average filter of 250 points 415 

was used for the calculation of mea to avoid the numerical noise produced by the 416 

derivation. The comparison of both TGA instruments in terms of their capability 417 

to maintain the heating rate at set was carried out based on the relative error of 418 

the heating rate:  419 

.set mea

set


 




−
=  (16) 420 

The values of  are plotted in Figure 1 as a function of temperature for all the 421 

pyrolysis experiments conducted in both TGA instruments. In both cases, the 422 

accuracy of the equipment to maintain a set value for the heating rate is higher 423 

for low heating rates and for high temperatures, as a consequence of the time 424 

required by the instruments to adjust to the programmed value of . However, the 425 

behavior of both TGAs differs, especially for high values of the heating rate. The 426 

TGA Q500 approaches the selected value of  from slightly lower values, 427 

whereas the TG 209/2/F seems to overshoot the set value of  and approximate 428 

to it from higher values. This results in positive values for the relative error of the 429 
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heating rate, Eq. (16), for the TGA Q500, whereas negative values of  were 430 

obtained for the TG 209/2/F. In terms of the deviation from the selected value of 431 

the heating rate, the TGA Q500 is very accurate for the whole range of 432 

temperatures analyzed for values of  below 25 ºC/min. In contrast, deviations 433 

similar to those obtained in the TGA Q500 for heating rates of 35 ºC/min occur in 434 

the TG 209/2/F for values of 15 ºC/min. In addition, the maximum variations for 435 

heating rates up to 50 ºC/min in the temperature range of 150 – 600 ºC is 8.5 % 436 

for the TG 209/2/F and 4 % for the TGA Q500. Nevertheless, for temperatures 437 

above 300 ºC, where most of the pyrolysis of lignocellulosic biomass occurs, the 438 

deviations of the heating rate are within 1.5 % for the TGA Q500 and 5 % for the 439 

TG 209/2/F, which are acceptable values in both cases.  440 

 441 

Figure 1: Relative error of the heating rate for all the pyrolysis tests in both TGA 442 

instruments during the pyrolysis of the pre-dried samples. 443 

4.2. TG and DTG curves obtained for the pre-dried samples in both TGAs  444 

The measured TG and DTG curves for the pre-dried beech wood samples are 445 

plotted in Figure 2 for both instruments.  446 
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 447 

Figure 2: TG and DTG curves for the pyrolysis of beech wood at various heating 448 

rates in both TGA instruments (pre-dried samples). 449 

The TG curves show a steep increase of the degree of conversion in a 450 

temperature range between approximately 250-400 ºC, followed by a smooth 451 

increase of the degree of conversion towards higher temperatures, for all the 452 

heating rates tested. In this temperature range, most of the volatile matter 453 

contained in lignocellulosic biomass is released and decomposed, followed by 454 

the subsequent slow pyrolysis of the char produced. As a consequence of the 455 

non-isothermal experimental procedure, an increase of the heating rate  induces 456 

a shift of the decomposition process to higher temperatures, in agreement with 457 

literature data [25,60,61]. 458 
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The structure of the DTG curves has often been interpreted to originate from 459 

overlapping peaks in the literature. In this sense, two overlapping peaks can be 460 

observed at temperatures between 250 and 400 ºC. These may be attributed to 461 

the pyrolysis of the hemicellulose and cellulose. A third underlying peak, which 462 

covers a wide range of temperatures between 200 ºC and 500 ºC, cannot be 463 

observed directly, but is expected to represent the comparatively slow pyrolysis 464 

of lignin [47].  465 

For the pre-dried samples, the agreement between the experimental results 466 

obtained in the two thermogravimetric analyzer TG 209/2/F and TGA Q500 was 467 

good with relative errors around 2 % in  for TG and 10 % in d/dt for DTG data. 468 

The differences are probably due to small differences of the thermal lags. 469 

4.3. Results of model-free methods 470 

4.3.1. Pre-dried samples 471 

From the TG and DTG curves shown in Figure 2, characteristic plots were 472 

prepared for the model-free methods, i.e., Kissinger, Friedman, OFW, KAS, and 473 

sDAEM. In the Kissinger plot, the logarithm of the heating rate  over the 474 

temperature squared, Tmax2, for which the rate of reaction d/dt is maximum 475 

(Figure 2) is plotted as function of the inverse of this temperature, 1/Tmax, Eq. (3). 476 

Since the maximum rate of reaction is attained at a specific temperature for each 477 

heating rate, the Kissinger plot has only one data point for each heating rate.  478 

According to the Friedman characteristic equation Eq. (4), the Friedman plot 479 

shows the values of the logarithm of the rate of reaction d/dt versus the inverse 480 

temperature 1/T. The OFW plot represents the logarithm of the heating rate , 481 
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left-hand-side of the OFW characteristic equation Eq. (6), as a function of the 482 

inverse temperature 1/T. Finally, KAS and sDAEM are based on similar 483 

characteristic equations Eq. (7) and Eq. (10), respectively, hence their plots 484 

coincide, depicting the logarithm of the heating rate  over temperature squared 485 

versus the inversed of temperature 1/T in both cases. The four different plots 486 

obtained from the pyrolysis measurements of beech wood conducted in the TG 487 

209/2/F for the pre-dried samples are included in Figure 3. The plots derived from 488 

the measurements performed in the TGA Q500 are very similar to those shown 489 

in Figure 3, therefore, they are not included in the figure to avoid repetition. 490 

 491 

Figure 3: Data evaluation according to the different model-free kinetic methods 492 

applied to the pyrolysis measurements conducted in the TG 209/2/F (pre-dried 493 

samples). 494 
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The linearity of the data represented in the characteristic plots of Figure 3 is high, 495 

with coefficients of determination R2  0.995 (Table 4), averaged in a degree of 496 

conversion range from 5% to 95%. The high R2 values obtained from the pyrolysis 497 

measurements of pre-dried beech wood in both the TG 209/2/F and TGA Q500, 498 

reported in Table 4, reflect the high quality and reliability of the experimental 499 

measurements conducted in both instruments [9] and confirms the first-order 500 

assumption for the pyrolysis reactions. 501 

Table 4: Coefficients of determination R2 for the linear fitting of the characteristic 502 

plot data obtained from the pre-dried beech wood pyrolysis measurements in 503 

the TG 209/2/F and the TGA Q500. 504 

 Kissinger  Friedman  OFW  KAS-DAEM  
TG 209/2/F 0.998 0.997 0.999 0.995 
TGA Q500 0.995 0.998 0.996 0.998 

 505 

From the slope and intercept of the linear fits to the data in the characteristic plots, 506 

the pre-exponential factor A and activation energy E can be derived according to 507 

the characteristic equations. The values of the pre-exponential factors A and the 508 

activation energies E are shown in Figure 4 for a range of degree of conversion 509 

from 5 % to 95 %. The results from the two thermogravimetric analyzers are very 510 

similar. The conversion dependent values of A and E obtained from both the 511 

isoconversional methods and sDAEM show a similar behavior, with a roughly 512 

uniform value for a wide range of pyrolysis conversions from 5 % to around 85 513 

%. Towards higher degrees of conversion, the values for A and E increase 514 

suddenly. This corresponds to the final slowdown of the conversion rate as seen 515 

in Figure 2. Hence, this is probably due to a dominance of the final char 516 

conversion processes.  517 
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As is obvious from Figure 4, the kinetic parameters obtained in the two 518 

instruments, by sDAEM and the isoconversional kinetic methods (KAS, OFW and 519 

Friedman) resulted in very similar values of ln A and E, differing by only 5-6 %. In 520 

contrast, Kissinger’s method gave notably different values for ln A and E in the 521 

two instruments, differing by more than 20 %. Such deviations can be attributed 522 

to the simplicity of this data evaluation method and its differential character, which 523 

is liable to overrate the instrument noise, resulting in a reduction of the accuracy 524 

of the data evaluation [31]. The results of the kinetic parameters of beech wood 525 

pyrolysis derived in this work, shown in Figure 4, are in good agreement with 526 

those reported previously by Branca et al. [44], Ding et al. [62], Grønli et al. [63], 527 

and Di Blasi and Branca [64]. 528 

 529 
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Figure 4: Kinetic parameters obtained from the various model-free kinetic 530 

methods applied to the pyrolysis measurements of pre-dried beech wood 531 

conducted in the TG 209/2/F and TGA Q500. 532 

4.3.2. In situ dried samples 533 

The results obtained from the pyrolysis of the in situ dried samples performed in 534 

the TGA Q500 were postprocessed similarly to the results of the pre-dried 535 

samples, using the same temperature range to determine the conversion degree, 536 

i.e., from 150 to 600 ºC, and applying the sDAEM to derive the kinetic parameters 537 

of the pyrolysis. The variations of the pre-exponential factor A and the activation 538 

energy E with the pyrolysis conversion degree  are shown in Figure 5 for the in 539 

situ and pre-dried tests carried out in the TGA Q500. The values of the kinetic 540 

parameters for the pre-dried and in situ dried samples are similar, obtaining 541 

average deviations of 3.2 % for ln A and 5.3 % for E over a range of the 542 

conversion degree from 5% to 85 %. However, a higher difference is obtained for 543 

high values of the conversion degree, corresponding to the pyrolysis of char, for 544 

which the kinetic parameters obtained applying sDAEM to the in situ dried 545 

samples are lower than those derived from the pre-dried samples. In view of the 546 

effect of humidity on the kinetic parameters of pyrolysis, drying the samples prior 547 

to the TGA pyrolysis tests (pre-drying) is recommended. However, if the sample 548 

must be dried in the TGA (in situ drying), the drying and pyrolysis processes 549 

should be properly separated by using a two-stage heating for the TGA pyrolysis 550 

tests to prevent any effect of humidity of the pyrolysis reactions. 551 
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 552 

Figure 5: Kinetic parameters obtained applying sDAEM to the pyrolysis 553 

measurements of pre-dried and in situ dried beech wood samples in the TGA 554 

Q500. 555 

4.4. Results of the five-step model 556 

Figure 6 shows Kissinger plots of the experimental data for the pre-dried and the 557 

in situ dried samples and compares them to the Kissinger plot that results from 558 

the five-step model. For the pre-dried samples, the experimental data obtained 559 

from the TG 209/2/F and TGA Q500 are in good agreement. However, if in situ 560 

drying is applied, the temperatures of maximum decomposition rate, Tmax, 561 

systematically decrease by around 15 K and the obtained kinetic parameters are 562 

in closer agreement with the five-step model results. Perhaps, pre-drying and in 563 

situ drying result in different surface properties and/or in different pore structures, 564 

which lead to some change in the pyrolysis rate and/or reactions.  565 

The resulting kinetic parameters are tabulated in Table 5. While all activation 566 

energies are similar and are in the range E = 170  15 kJ/mol for all cases, the 567 

ordinate intercepts are quite different. In fact, the pre-exponential factors differ by 568 

more than two orders of magnitude, giving A = 1012.141.14 s-1. Note, however, that 569 

such a comparison has limitations, because it is based on the simplification of 570 
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Kissinger’s method and because only one temperature is considered. A better 571 

unifying view is presented in section 4.6 below.  572 

 573 

Figure 6: Kissinger plots of experimental data and five-step model. 574 

Table 5: Comparison of overall kinetic data obtained from experiments and the 575 

five-step model (Kissinger’s method applied to both experimental and calculated 576 

data). 577 

Data set  A [s-1]  E [kJ/mol]  
TG 209/2/F, pre-dried 1.9·1013 185.4 
TGA Q500, pre-dried 5.3·1011 166.9 

TGA Q500, in situ dried 2.0·1011 157.2 
Five-step model (TG 209/2/F) 1.3·1012 168.0 

 578 

4.5. Effect of the final temperature selected for the pyrolysis process 579 

The calculation of the degree of conversion by Eq. (14) is based on the selection 580 

of appropriate initial and final temperatures for the pyrolysis process. The 581 

selection of these temperatures may affect the results obtained for the kinetic 582 

parameters of the pyrolysis reaction, because (i) in the initial stage, up to about 583 

120 C, the mass loss is due to the drying process, (ii) in the final stage, above 584 
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about 400 C, the mass loss is mainly due to the thermal decomposition of the 585 

residual char. 586 

Only in between these temperatures, the mass loss is really dominated by the 587 

release of original volatile matter. Therefore, the initial temperature should be 588 

selected as a value higher than the drying temperature, i.e., around 100 ºC for 589 

atmospheric processes, and below the minimum temperature for the onset of the 590 

release of volatiles. The value selected for the initial temperature has only little 591 

effect on the kinetic results provided that the degree of pyrolysis conversion below 592 

this value is negligible. A typical value is 150 ºC, since the devolatilization of 593 

biomass occurs at temperatures above this value. In contrast, the proper choice 594 

of the end point of the pyrolysis process is not so easy to define a priori. 595 

Figure 7 a) shows the evolution with temperature of the percentage of mass 596 

remaining in the TGA Q500, X, during the pyrolysis of beech wood at a heating 597 

rate of 5 ºC/min. The slope of the curve of mass percentage versus temperature 598 

is negligible for a temperature around 150 ºC, thus, this is a proper value for the 599 

initial temperature of the pyrolysis process. Furthermore, the selection of a 600 

different value for the initial temperature has no effect on the kinetic parameters 601 

obtained, provided that it is selected in the plateau zone of the TG curve after the 602 

drying process. 603 

As indicated above, the selection of the final temperature of the pyrolysis process 604 

is more complex since, after the steep reduction of the mass percentage due to 605 

the release of the volatile matter of the sample (at around 300 ºC in Figure 7 a)), 606 

the mass percentage continues to decrease at a lower rate because of the 607 

reduced amount of volatiles and because of the onset of the slow thermal 608 
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degradation of char (for temperatures above 400 ºC in Figure 7 a)). Unfortunately, 609 

the pyrolysis conversion rate does not become zero at high temperatures after 610 

the consumption of the volatile matter, due to the continuing slow decomposition 611 

of the remaining char. Therefore, the selection of the final temperature of 612 

pyrolysis is somewhat arbitrary and may affect the results obtained for the 613 

activation energy and the pre-exponential factor of the total mass loss during the 614 

pyrolysis process. To quantify this effect, a sensitivity analysis of the value of this 615 

final temperature on the values obtained from sDAEM for the kinetic parameters 616 

of pyrolysis was carried out. Four values of the final temperature of the pyrolysis 617 

process of 450, 600, 750, and 900 ºC were chosen. The degree of conversion 618 

during pyrolysis as a function of temperature for the various final temperatures 619 

studied can be seen in Figure 7 b). The evolution of the pyrolysis conversion 620 

degree with temperature is quite similar in all cases for values of the degree of 621 

conversion below 80 %, i.e., for temperatures below 400 ºC, in what is called the 622 

active stage of pyrolysis, where pyrolysis of hemicellulose and cellulose, and 623 

partly lignin, occurs. However, for higher values of the degree of conversion, i.e., 624 

for temperatures between 400 and 900 ºC, the passive stage of pyrolysis takes 625 

place, which is dominated by the pyrolysis of the lignin contained in char [63,64]. 626 

Significant differences are observed for the evolution of the conversion at 627 

temperatures above 400 ºC, depending on the final temperature selected for the 628 

pyrolysis process.  The differences occurring for these high temperatures are 629 

caused by the increasing importance of devolatilization of lignin contained in char 630 

at higher temperatures. 631 
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 632 

Figure 7: a) Evolution of the percentage of mass remaining with temperature 633 

during the pyrolysis of beech wood in the TGA Q500 at 5 ºC/min (pre-dried 634 

sample), b) Evolution of the degree of conversion with temperature during the 635 

pyrolysis of beech wood in the TGA Q500 at 5 ºC/min for various final 636 

temperatures (pre-dried sample). 637 

Considering the curves of the pyrolysis conversion degree versus temperature 638 

depicted in Figure 7 b) for the various final temperatures analyzed, the sDAEM 639 

was applied to determine the kinetic parameters of beech wood pyrolysis, i.e., the 640 

activation energy and pre-exponential factor, as a function of the degree of 641 

conversion for each final temperature selected. The results of the kinetic 642 

parameters as a function of the conversion degree are shown in Figure 8. They 643 

show similar values for the kinetic parameters derived for  below 80 %. In 644 

contrast, for degrees of conversion above 80 %, both the pre-exponential factor 645 

and the activation energy increase substantially when the final temperature 646 

selected for the pyrolysis process is higher. These differences are caused by the 647 

increasing importance of char pyrolysis towards higher final temperatures. For 648 

instance, if the final temperature is chosen to be 450 C, a degree of conversion 649 

of 90 % corresponds closely to the end of the release of biomass volatile matter 650 
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(see Figure 7 a)). However, if the final temperature is chosen to be 900 C, the 651 

same degree of conversion corresponds to the ongoing thermal degradation of 652 

the char produced, and of course, these completely different chemical reactions 653 

have different kinetic parameters associated. Therefore, the final temperature 654 

selected for the pyrolysis process influences the kinetic parameters obtained for 655 

high degrees of conversion. It is recommended to select a final temperature up 656 

to which the derivative of the mass percentage remaining, X, has a low value and 657 

starts to decrease steadily. In the present study of beech wood pyrolysis, it was 658 

found most appropriate to select a final temperature of 600 C for the evaluation 659 

of the kinetic data.  660 

 661 

Figure 8: Kinetic parameters obtained from the sDAEM for the pyrolysis 662 

measurements of beech wood conducted in the TGA Q500 considering various 663 

final temperatures for the pyrolysis process (pre-dried samples). 664 

4.6. Discussion on the capabilities of model-free and model-fitting kinetic 665 

methods 666 

As noticed in sections 1 and 2, the values of kinetic parameters derived from TG 667 

investigations may show notable differences. These are somewhat difficult to 668 

interpret due to the non-linear character of the reaction kinetics. The problem can 669 
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be solved by choosing a more unifying benchmark for the comparison. In that 670 

sense, TG or DTG curves can be reconstructed from the fitted kinetic data which 671 

directly illustrate the data quality by comparison to the experimental 672 

measurements. 673 

As example, the experiment with a pre-dried sample, pyrolyzed at a heating rate 674 

of 25 ºC/min in the TGA Q500, was chosen. The TG curves were recalculated 675 

using the kinetic parameters as derived from the sDAEM, integral isoconversional 676 

methods of OFW and KAS, Friedman and Kissinger methods, as well as by the 677 

five-step model. The recalculated curves of Friedman, OFW, and KAS were 678 

obtained by solving their characteristic equations, i.e., Eqs. (4), (6), and (7), 679 

respectively, whereas Eq. (10) was solved to obtain the recalculated curve of 680 

sDAEM. In contrast, the recalculated curves of the Kissinger method and the five-681 

step fitting model were derived by integration of dm/dt = - k·m, considering the 682 

kinetic parameter to determine the rate coefficient, Eq. (2). The results are shown 683 

in Figure 9 and compared to the experimental TG curve. The sDAEM, KAS and 684 

OFW methods reproduce the experimental data with high accuracy. The 685 

deviations from the measured degree of conversion are less than 0.15 %, hence 686 

the three results collapse on a single curve in Figure 9. The other methods give 687 

less accurate results in the order Friedman’s method > five-step model > 688 

Kissinger’s method. An extra pyrolysis experiment was conducted at 75 ºC/min, 689 

a higher heating rate than those use to derive the kinetic parameters, to check 690 

the capability of the kinetic methods to predict TG curves at higher heating rates. 691 

The results obtained, also depicted in Figure 9, are similar to those at 25 ºC/min, 692 

with a slight shift to higher temperatures of the conversion estimation of the five-693 

step model.  694 
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 695 

Figure 9: Comparison of the TG curve measured in the TGA Q500 for the pre-696 

dried sample and the recalculated curves obtained by the kinetic models at 25 697 

ºC/min and 75 ºC. 698 

As noticed before, Friedman’s model suffers from the differential character of the 699 

method and Kissinger’s method appears to be an oversimplification in case of 700 

mixtures of substances and polymers. Regarding the five-step model, some 701 

disagreement with the experimental TG curve was expected according to Figure 702 

6. However, the five-step model also allows an estimate of the pyrolysis gas 703 

composition, which is not a subject in this work. 704 

Among the model-free methods, the integral methods OFW, KAS and sDAEM 705 

are found to be superior to the differential method of Friedman or the simple 706 

Kissinger method. Regarding model-fitting methods, they clearly have the 707 

advantage to allow predictions of the pyrolysis gas composition, in contrast, they 708 

often appear to have problems to reproduce the final, slow pyrolysis of char 709 

correctly. It appears that for wood pyrolysis, there is no direct comparison of 710 

several model-fitting methods available in the literature. 711 

5. Conclusions 712 
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The kinetics of beech wood pyrolysis was studied by means of non-isothermal 713 

thermogravimetric measurements conducted in two different thermogravimetric 714 

analyzers (TGA), a TG 209/2/F from Netzsch and a TGA Q500 from TA 715 

Instruments. Both instruments were found to have a high repeatability and 716 

accuracy for the temperature control. Model-free methods, isoconversional 717 

models, the simplified distributed activation energy model (sDAEM), and a model-718 

fitting method, the five-step model, were used to determine the kinetic parameters 719 

of the pyrolysis reactions. Except for Kissinger’s method, the kinetic parameters, 720 

obtained from the experimental results in both analyzers were in very good 721 

agreement. The kinetic data obtained from the different evaluation methods were 722 

compared by reconstruction of the thermogravimetric curves. In this way, the 723 

performance of methods of Ozawa, Flynn and Wall (OFW), Kissinger-Akahira-724 

Sunose (KAS) and sDAEM were found to be excellent. Friedman’s method, 725 

Kissinger’s method and the five-step model gave somewhat less good results, 726 

partly due to the corresponding mathematical procedure and partly due to the 727 

adopted simplifications. Hence, from the point of view of accurate data 728 

approximation, the integral isoconversional methods and sDAEM are 729 

recommended. From the point of view of detailed mechanistic information and 730 

product formation, model-fitting methods are required, probably increasing the 731 

accuracy with an increasing number of reactions, with sDAEM representing the 732 

limiting case of an infinite set of reaction steps. 733 

In addition, the pyrolysis process was analyzed for pre-dried beech wood 734 

samples and for in situ dried samples, i.e., for a sample dried in the TGA as an 735 

immediate process prior to the pyrolysis. The in situ dried sample was found to 736 

pyrolyze faster than the pre-dried sample, and the experimental pyrolysis rates 737 
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were close to those of the five-step model. The effect of the final temperature 738 

selected for the pyrolysis process was also analyzed, finding that both the pre-739 

exponential factor and the activation energy increased significantly for higher 740 

values of the final pyrolysis temperature, as a consequence of the greater 741 

importance of the slow thermal degradation of char at elevated temperatures.  742 
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