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ABSTRACT.  Wastes from brewery, industrial coffee roasting and fiberboard furniture were investigated.  

Thermogravimetric experiments were carried out with different types of temperature programs.  Three 

models were proposed describing equally well the behavior of the samples. One of the models consisted of 

three partial reactions with distributed activation energies (DAEM).  In this case 12 parameters were 

sufficient to describe the behavior of a sample in the whole range of observations.  The other two models 

were mathematically simpler, but contained higher numbers of adjustable parameters.  The reliability of the 

models was tested in three ways:  (i) the models provided good fit for all experiments;  (ii) the evaluation of a 

narrower subset of the experiments resulted in approximately the same parameters as the evaluation of the 

whole series of experiments;  (iii) the models allowed accurate extrapolations to higher heating rates. 

Keywords: Brewery spent grains (BSG); coffee waste; middle density fiberboard (MDF); thermogravimetry 
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1. Introduction 

The replacement of fossil fuels by alternative energy sources has an increasing importance nowadays.  The 

use of various plant materials (biomass) for energy production has a major contribution to this task since 

biomass is renewable and its increased utilization reduces the CO2 emission of the energy sector.  There is a 

wide range of biomass-type wastes that are not yet properly utilized.  The study of their properties from the 

points of view of combustion, gasification, pyrolysis and other thermochemical utilization processes is an 

important research direction.1-7  Thermogravimetric analysis (TGA) has proved to be a useful tool in such 

studies.  It provides information on the partial processes and reaction kinetics.  TGA was frequently 

employed in the kinetic modeling of the thermal degradation of biomass-type wastes.8-22   

There is a vast literature on the kinetic evaluation methods of thermal analysis from its beginnings in the 

fifties to the present. A general survey is outside the scope of the present work. We list here a few recent 

general reviews, and add more citations in the discussion. A detailed review was published by Burnham and 

Braun on the kinetic analysis of complex materials, where the term “complex” referred to the complexity of 

the physical and chemical structure of the samples.23  Caballero and Conesa published mathematical 

considerations for non-isothermal kinetics that involves, among others, the simultaneous evaluation of series 

of experiments using complex models and the method of least squares.24  The kinetic evaluation methods 

used in our work were recently surveyed by Várhegyi.25  

In the present work we report results on the devolatilization kinetics of three biomass wastes: brewer spent 

grains (BSG), coffee waste and fiberboard. These wastes are produced all over the world in large quantities 

while their optimal utilization has not been found yet.  BSG is the main brewery by-product with 0.03 kg dry 

BSG produced per liter beer.26 As the yearly worldwide beer production is about 160 billion liters,27 roughly 

5 million metric tons of dry BSG forms yearly. The coffee waste used in this study is collected during green 

coffee roasting and was evaluated to represent 1.5 wt% of pre-roasted green coffee.  The coffee industry 

produces ca. 0.1 million tons of this waste yearly.  Fiberboard, consisting mainly of wood, is produced in 

huge quantities.  The worldwide production of medium density fiberboard (MDF) is about 40 million m3.28  

Besides the fiberboard wastes of the furniture industry, all fiberboard furniture will eventually be turned into 

wastes that may be considered in the optimal waste utilization strategies.  Few data have been published on 

the potential utilization and thermal properties of these wastes.2,26,29-34  We did not find publications 

discussing their devolatilization kinetics. 

From a chemical point of view, the studied samples cover a wide range of biomass wastes. Brewery spent 

grains are composed mainly from proteins,  hemicellulose, lignin and starch with smaller amounts of 

cellulose and lipids.26,29,35  Coffee wastes contain mainly sugars, lipids and proteins with smaller amounts of 

alkaloids and other plant materials.36  Fiberboard is made from wood fiber (recycled and recovered wood 

waste) and a resin to bind the wood fibers together.  Usually urea-formaldehyde resin is used; its 

concentration in MDF is around 8-10%.33   

The present work aims at obtaining dependable information on the behavior of selected biomass wastes 

during heating.  Models, evaluation methods and validation strategies are outlined to describe their 
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devolatilization in a wide domain of temperature – time functions.  Since the treatment proved to be valid for 

biomass wastes of very different chemical compositions, the considerations of the paper may be 

recommended to other investigators of the field, too.  The study was strictly restricted to the regime of the 

kinetic control: the sample size, particle sizes and heating programs were chosen so that the various transport 

processes would be negligible.  Accordingly, the results cannot be directly employed in industrial process and 

reactor design; instead of this they aim only at providing guidance for the further work in this area.  

 

2. Experimental 

2.1. Samples.  A middle density fiberboard sample (MDF) was obtained from IKEA AS, Norway.  This 

material is produced from wood wastes (pine and spruce) and ca. 10% urea - formaldehyde resin.  Its specific 

density was 703 kg/m3.  Brewer spent grains (BSG) were provided by Carlsberg Brewery, Denmark.  Coffee 

wastes (CW) were received from Kjeldsberg Kaffebrenneri AS, Norway.  This substance consists of skin, 

silverskin, pulp, parchment, and broken beans that are lost during the roasting process. 

The proximate and ultimate analyses of the samples can be found in Table 1.  The samples exhibit the usual 

properties of biomass materials.  Their nitrogen content is remarkably high, which is due to proteins in the 

case of BSG, proteins and alkaloids in CW, while the nitrogen content of MDF arises almost entirely from 

the urea-formaldehyde resin. 

The samples were ground and sieved.  The fraction of 45 - 63 µm was used for the TGA experiments.  The 

use of small particle sizes ensures the kinetic control by eliminating diffusion and heat transfer problems 

inside the particles.  The omission of the finest particles eliminated the problems of dusts blown out by the 

gas stream during the experiments. 

 

Table 1. Main physical and chemical properties of the samples 

 BSG CW MDF 

Proximate analysis  (wt%, dry basis) 

Volatile matter 

Fixed carbon 

Ash 

 

78.75 

16.22 

5.03 

 

76.67 

16.75 

6.58 

 

81.95 

17.61 

0.44 

 

Ultimate analysis (wt%, dry ash free basis) 

Carbon 

Hydrogen 

Nitrogen 

Sulfur 

Oxygen (by difference) 

 

 

51.59 

7.07 

4.15 

0.23 

36.96 

 

 

51.33 

6.79 

3.02 

0.21 

38.65 

 

 

48.80 

6.33 

3.62 

<0.02 

41.25 
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2.2. Thermogravimetric experiments.  A TA Instruments Q500 TGA thermal analysis system was 

employed.  Low sample masses were used to reduce the heat transfer problems of thermal analysis.  

Approximately 5 mg biomass was evenly distributed in a Pt sample pan of Ø 9.6 mm. Smaller sample mass, 

about 2.5 mg, was used at the highest heating rate of this study (20°C/min).  The measurements were carried 

out in 100 ml/min high purity nitrogen gas flow. Each experiment was started with a 30 min purging period at 

room temperature and a 30 min drying period at 105°C and was terminated around 600°C (final temperature 

hold for 20 min). The kinetic evaluation started after the drying, when the sample reached 120°C. This point 

was set as t=0 in the figures of the paper. 

Five experiments were carried out with each biomass at different heating programs in order to provide a 

sufficient amount of information for the kinetic modeling. The temperature – time functions are shown in 

Figure 1. One experiment for each sample utilized the “constant reaction rate” (CRR) capabilities of the 

equipment. When the reaction rate achieved a preset level in these experiments, the furnace temperature was 

regulated in such a way that the reaction rate fluctuated around a constant level. The CRR experiments 

resulted in evenly low reaction rates in the whole domain. As it will be shown later in the paper, the 

corresponding DTG curves (experimental -dm/dt vs. time functions) strongly differed from the other 

experiments and, in this way, highly increased the information content of the series evaluated. 
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Figure 1. Temperature – time functions used in the study.  The T(t) function of the “constant reaction rate” 

(CRR) experiment belongs here to BSG. 

A stepwise experiment was carried out for each sample.  It consisted of 30 min isothermal sections at 200, 

250, 300, 350, 400, 450 and 600°C, as shown in Figure 1.  (It also included the drying section at 105°C.)  The 

isothermal sections were connected by 20°C/min heating ramps. The aim of the stepwise experiments was to 

include isothermal sections and relatively fast temperature rises into the kinetic evaluation.  Experiments with 

linear heating programs were also carried out at heating rates of 5, 10 and 20°C/min. 
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Table 2.  Characteristics of the thermogravimetric experiments 

Sample T(t) time span a 

(min) 

mean 

-dm/dt a 

(s-1) 

×1000 

max 

-dm/dt 

(s-1) 

×1000 

Tpeak 

 

(°C) 

Residue 

 

(%) 

BSG   5°C/min 33 0.32 0.51 281 22 

BSG 10°C/min 17 0.63 0.99 292 21 

BSG 20°C/min 8 1.32 2.16 298 20 

BSG CRR b 64 0.16 0.23 (299) 22 

BSG stepwise 98 0.11 0.64 291 22 

CW   5°C/min 38 0.24 0.53 315 30 

CW 10°C/min 20 0.49 1.02 325 29 

CW 20°C/min 10 0.99 2.05 332 29 

CW CRR b 59 0.15 0.21 (233) 31 

CW stepwise 128 0.07 0.50 293 30 

MDF   5°C/min 25 0.45 0.73 344 17 

MDF 10°C/min 12 0.89 1.40 354 17 

MDF 20°C/min 6 1.77 2.72 367 16 

MDF CRR b 65 0.17 0.24 (264) 19 

MDF stepwise 86 0.13 0.75 344 18 

a The time span was characterized by the interval between 10 and 90% of the overall mass loss.  The mean 

of –dm/dt also refers to this domain. 
b CRR: Constant reaction Rate (see text for description). The corresponding Tpeak temperatures were 

parenthesized since the CRR regulation results in reaction rates fluctuating around a preset level. 

 

The main characteristics of the experiments are summarized in Table 2.  The time span was characterized 

by the interval between 10 and 90% of the overall mass loss.  The average reaction rates are also given in 

these domains.  The table indicates 10 - 14 times variation in the time span, mean reaction rate and peak 

reaction rate for each sample, reflecting the wide range of experimental conditions employed in the study. 

It is interesting to note that the residue values did not show a large variation with the heating programs.  As 

Fig. 1 shows, all experiments were terminated by an isothermal section at 600°C except the CRR experiments 

which ended at a slightly lower T without an isothermal section.  (This was due to technical reasons.)  

Nevertheless, the residues of the CRR and the similarly slow stepwise T(t) experiments were close to each 

other.  It is well known that several organic materials give lower char yield at higher heating rates.37,38  We 

also observed that the char yields at 20°C are lower than the values belonging to the 5°C/min, stepwise T(t) 

and CRR experiments.  However, the differences were low.  Accordingly, no term was involved into the 

models to describe the variation of the char yield with the type of the temperature program. 

The repeatability of the thermogravimetric experiments have been treated many times in the literature.  

Mészáros et al. have reported good repeatability on sample sizes as low as 0.2 mg in the case of a biomass 

sample containing bark, heart-, and sapwood.39  In the present work we checked the repeatability on the 

coffee waste sample at 10°C/min.  The root means square (rms) difference between the –dm/dt data were 

calculated in the interval used for the kinetic evaluation.  Expressed as a percent of the peak maxima, this 
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quantity was 0.9%.  The noise of the –dm/dt curves had a significant role in this value.  The rms difference 

between the two –dm/dt curves proved to be smaller, 0.4%, in a test calculation when the smoothing in the 

determination of –dm/dt was stronger than our usual procedure.40 

3. Results and discussion 

3.1. Simultaneous evaluation by the method of least squares.  Fortran 95 and C++ programs developed 

by one of the authors were employed.8,20,25,41,42  The models discussed in the next sections were used to 

simulate TG and DTG curves at all T(t) of this study.  The unknown parameters were determined by the 

method of least squares.  As presented above, we had five different experiments for each sample.  The 

experiments on a given sample were evaluated simultaneously by comparing the normalized mass loss rates, 

(–dm/dt)obs, to their simulated counterparts, (–dm/dt)calc:  

S = 
 

exp

1 1

N

k

N

i

k

 

[ )( i

obs

k

t
dt

dm







  – )( i

calc

k

t
dt

dm







 ]
2
 

–––––––––––––––––––––––– (1) 

                  Nk
 hk

2 

 

Subscript k indicates the different experiments.  Nexp is the number of experiments evaluated 

simultaneously, ti denotes the time values in which the digitized (dm/dt)obs values were taken, and Nk is the 

number of the ti points in a given experiment.  hk denotes the heights of the evaluated curves that strongly 

depend on the experimental conditions.  The division by hk
2 serves for normalization.  The fit was 

characterized by the following quantity: 

fit (%) =  100 S0.5 (2) 

Eq. 2 is also employed to express the fit of a single experiment within the evaluated group.  In such cases 

the first sum is omitted in eq. 1. 

3.2. Model validation.   It is well known that the most important components of the thermoanalytical 

experiments are not random.  Accordingly, the methods of mathematical statistics cannot be employed to test 

the goodness of a model.  We used three ways to test the reliability and usefulness of a model: 

(i) the models should provide good fits for all experiments in the wide range of experimental conditions 

outlined in Table 2; 

(ii) the evaluation of a narrower subset of the experiments (the three slowest experiments) should provide 

approximately the same parameters as the evaluation of the whole series of experiments; 

(iii) the models should be able to predict the behavior of the samples outside of the experimental conditions 

at which the model parameters were determined. 

The first criterion was satisfied by the simultaneous evaluation of the experiments by the method of least 

squares.  The number of partial reactions was gradually increased in each model until a good fit was observed 

for all experiments. 
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The second and third criteria were checked so that the three slowest experiments were evaluated in test 

calculations.  As Table 2 shows, these are the “constant reaction rate” experiments and the experiments 

carried out at stepwise T(t) and at 5°C/min.  The corresponding time-spans, as defined in Table 2, varies from 

25 to 128 minutes.   (The results of these test calculations are shown later in the text, in Section 3.6.)  In the 

next step of the calculations it was checked how the fastest experiment on each sample can be described by 

the parameters obtained from the three slowest experiments.  Accordingly, -dm/dt curves were simulated for 

the T(t) functions of the 20°C/min experiments using the parameters obtained from the slow experiments and 

these simulated curves were compared to the observed –dm/dt data at 20°C/min heating rate.  As Table 2 

shows, this procedure is an extrapolation to ca. four-time higher reaction rates from the domain of the three 

slowest experiments.  This reliability test is an extension of an earlier work of Várhegyi et al.42 

3.3. First-order model.  Independent first order reactions are frequently used for the description of 

biomass devolatilization.8,13,20,39,43-48  As an approximation, we regard a sample to be composed from 

pseudocomponents, where a pseudocomponent is a group of reactive species that exhibit similar reactivity. A 

first order kinetic equation is assumed for each pseudocomponent that defines the time and temperature 

dependence of the reacted fractions j: 

dj/dt = Aj e-Ej/RT (1-j) (3) 

Here Aj is the pre-exponential factor and Ej is the activation energy.  We use the IUPAC terminology for the 

activation energy: it is an empirical parameter characterizing the exponential temperature dependence of the 

rate coefficient.49  The resulting mass loss rate curve is the weighted sum of the individual dj/dt reaction 

rates: 

-dm/dt = 


compN

j

jj dtdc
1

/  (4) 

where m is the normalized sample mass, Ncomp is the number of pseudocomponents, and cj is the 

normalized mass of volatiles formed from pseudocomponent j.  
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Figure 2.  Description of the devolatilization of the BSG sample by eight first order reactions.  Panels (a) – 

(c) show results obtained from the simultaneous evaluation of 5 experiments.  Panel (d) illustrates how the 

fastest experiment can be described by parameters obtained from three slow experiments.  Notation:  T(t) 

function ();  experimental -dm/dt (o);  simulated –dm/dt (—);  partial curves (— and 

 - - -, every 2nd partial curve is dashed for a better visibility). 

 

As Figure 2 shows, it was possible to obtain good fits with this model, and the extrapolation test gave also 

good results.  However, 7 – 8 partial reactions had to be assumed in this model.  (Lower numbers of partial 

reactions did not result in acceptable fits.)  The reasons for this high number may be due to the following two 

factors: 

(i) The wastes studied in the present work are particularly inhomogeneous materials.  They are composed 

from chemically and physically different parts of the plants.  Besides, BSG arises from different plants 

(barley, maize, hop) and contains microorganisms and enzymes.  Similarly, MDF is made from different 

woods and a considerable amount of urea resin, and it includes some bark, too. 

(ii) We required the description of the devolatilization at an unusually wide range of T(t) programs, as seen 

in Figures 1 and 2. 

The corresponding kinetic parameters are listed in Table 3. 
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Table 3.  Parameters of the 1st order model 

Sample BSG CW MDF 

Fit / % 2.4 2.7 2.1 

E1 / kJ mol-1 84 106 88 

E2 / kJ mol-1 172 173 150 

E3 / kJ mol-1 197 185 177 

E4 / kJ mol-1 200 206 190 

E5 / kJ mol-1 206 206 183 

E6 / kJ mol-1 157 138 148 

E7 / kJ mol-1 134 108 76 

E8 / kJ mol-1 85 100 — 

log10 A1/s-1 6.40 8.72 7.07 

log10 A2/s-1 14.66 14.79 12.51 

log10 A3/s-1 16.39 15.04 14.28 

log10 A4/s-1 15.92 16.04 14.78 

log10 A5/s-1 15.42 15.40 13.23 

log10 A6/s-1 10.31 8.76 9.08 

log10 A7/s-1 7.53 5.43 2.48 

log10 A8/s-1 3.08 3.79 — 

c1 0.04 0.06 0.04 

c2 0.08 0.09 0.06 

c3 0.14 0.10 0.09 

c4 0.11 0.18 0.14 

c5 0.20 0.08 0.38 

c6 0.09 0.07 0.05 

c7 0.09 0.08 0.05 

c8 0.04 0.04 — 

 

3.4. nth order model.  In the previous section we employed first order kinetics for the partial reactions.  

The first order approximation assumes that each reacting species of a given pseudocomponent reacts with the 

same probability.  However, the biomass wastes are strongly inhomogeneous materials where the reactivity of 

a given chemical structural unit may depend on its physical position and chemical environment.  The 

application of power-law functions (nth order kinetics) is a simple way to approximate formally the 

differences between the fractions of a given pseudocomponent: 

dj/dt = Aj e-Ej/RT (1-j)nj (5) 

where nj is the order of reaction.  This approximation is frequently employed for the description of biomass 

materials.18,19,39,45,50   According to the IUPAC definition, the orders of reaction “can be positive or negative 

integral or rational nonintegral numbers”.49  Nevertheless, we employed the following restriction 

0 ≤ nj ≤ 3 (6) 

since nj values outside of this interval results in –dm/dt curves with unrealistic shapes. 
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Using the nth order kinetics (equations 4, 5 and 6), the assumption of four partial reactions was sufficient 

for a good fit, as illustrated in Figure 3.  
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Figure 3.  Description of the devolatilization of the BSG sample by four nth order reactions.  (See Figure 2 

for notes and line-styles.) 

 

The extrapolation test gave favorable results with this model, too, as illustrated in panel (d) of Figure 3.  

The corresponding parameters are listed in Table 4. 
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Table 4. Parameters of the nth order model 

Sample BSG CW MDF 

Fit / % 2.4 2.4 2.6 

E1 / kJ mol-1 91 118 81 

E2 / kJ mol-1 199 203 178 

E3 / kJ mol-1 212 214 180 

E4 / kJ mol-1 156 125 106 

log10 A1/s-1 6.91 10.17 5.64 

log10 A2/s-1 16.58 17.61 13.82 

log10 A3/s-1 15.94 16.79 12.85 

log10 A4/s-1 9.88 7.10 5.30 

n1 1.09 1.34 1.29 

n2 3.00 3.00 3.00 

n3 1.13 1.98 0.80 

n4 3.00 3.00 3.00 

c1 0.07 0.06 0.12 

c2 0.37 0.20 0.36 

c3 0.16 0.28 0.27 

c4 0.18 0.16 0.07 

 

3.5. Distributed activation energy model.  The chemical and physical differences of the reactive species 

can frequently be described by distributed activation energy models (DAEM), as Burnham and Braun 

outlined in a detailed review in 1999.23  In the simplest sort of DAEM the distribution of the activation 

energy is approximated by a Gaussian distribution, and the reaction rate depends on the amount of reactant by 

1st order kinetics.  Later Várhegyi et al employed this type of model to describe samples by more than one 

partial reaction.42  This approach shall be followed in the present work.  Assuming that the reacting species 

differ from each other within a given pseudocomponent, we shall approximate non-uniformity by a Dj(E) 

distribution of the activation energy.  Let j(t,E) denote the solution of a first order kinetic equation at a given 

E value: 

dj(t,E)/dt = Aj e-E/RT [1-j(t,E)] (7) 

The distribution of E is described by a Gaussian distribution function: 

Dj(E) = (2)-1/2 j
-1 exp[-(E-E0,j)2/2j

2] (8) 

where E0,j and  are the mean value and the width-parameter (variation) of the distribution. The overall 

reacted fraction of the jth pseudocomponent is obtained by integration: 

                  

j(t) =  Dj(E) j(t,E) dE (9) 

                0
 

 

The details of the evaluation by this type of model can be found in the work of Várhegyi et al.42  Using the 

DAEM model, the assumption of three partial reactions were sufficient for a good fit in the entire domain of 
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observations, and the extrapolation tests gave also satisfying results, as shown in Figures 4 – 6.  The 

corresponding parameters are listed in Table 5. 

 

Table 5.  Parameters of the distributed activation energy model 

Sample BSG CW MDF 

Fit / % 1.9 2.0 2.9 

E0,1 / kJ mol-1 218 236 209 

E0,2 / kJ mol-1 221 222 180 

E0,3 / kJ mol-1 213 224 175 

log10 A1/s-1 18.34 20.90 16.84 

log10 A2/s-1 16.80 17.39 12.93 

log10 A3/s-1 15.73 16.07 12.64 

1 7.8 11.8 12.4 

2 0.0 4.5 0.0 

3 27.2 32.4 33.3 

c1 0.25 0.20 0.32 

c2 0.13 0.23 0.30 

c3 0.40 0.27 0.20 
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Figure 4.  Description of the devolatilization of the BSG sample by three DAEM reactions.  (See Figure 2 for 

notes and line-styles). 
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Figure 5.  Description of the devolatilization of the coffee waste sample by three DAEM reactions.  (See 

Figure 2 for notes and line styles.) 
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Figure 6.  Description of the devolatilization of the fiberboard sample by three DAEM reactions.  (See Figure 

2 for notes and line styles.) 

 

3.6. Comparison of the models.  The good fit of the experimental data required the assumption of 7 – 8 

pseudocomponents in the first order model.  Accordingly, the fit of the experiments was achieved by the 

proper adjustment of 21 – 24 parameters (Ej, Aj and cj values were determined for each partial reaction).  The 

application of the nth order kinetics for the partial reaction led to 4 partial peaks with 16 unknown parameters 

while only 3 pseudocomponents and 12 unknown parameters were required when the distributed activation 

energy model was employed for the partial reactions.  In this respect the distributed activation energy model 

is the best of the models employed in the paper.  The performance of this model was illustrated for all the 

samples.  (See Figures 4 – 6.) 

The extrapolation tests on the reliability of the models gave equally good results for all the three models 

employed, as it is shown in Table 6.  The 1st column of data ( fit20°C/min) expresses the efficiency of the 

extrapolation tests.  (See the table footnotes for the details.) The rest of the data in Table 6 shows that the 

evaluation of the three slowest experiments results in roughly the same parameters as that of the whole set of 

experiments.  Note that alterations of 7 – 11 kJ/mol cannot be regarded large in non-isothermal reaction 
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kinetics.51  The results shown in Table 6 prove that the information content of the experiments is suitable for 

the reliable determination of the unknown parameters. 

Table 6.  Comparison of the evaluations of three and five experimentsa 

Model ( fit20°C/min)rms
b 

(%) 

(c)rms
c (E)rms

c,d 

(kJ/mol) 

( log10
 A)rms

c 

(log10 s-1)  

(n)rms
c ( )rms

c 

(kJ/mol) 

1st order 0.8 0.01 11 0.9 – – 

power law 0.5 0.02 7 0.7 0.7 – 

DAEM d 0.8 0.01 9 0.8 – 1.4 

a All the three samples are included in the root mean square values of this table. 
b The difference between the best fit and the fit in the extrapolation test was calculated for each 20°C/min 
experiment.  The root mean square values of these differences are presented. 
c The parameters obtained from the simultaneous evaluation of five and three experiments, respectively, 
were compared.  The corresponding differences were calculated for each parameter at each sample.  The 
root mean squares of these differences are presented. 
d In the last row E represents differences between the means of the activation energy distribution, E0,j. 

 

Finally the magnitude of the obtained activation energies is surveyed briefly.  For this purpose we compare 

the averages of the obtained Ej values for each sample and each model in Table 7.   It is interesting to note 

that the brewery and the coffee waste samples have very close average E values in each model, while the 

fiberboard has lower values.  When the models are compared in this respect, one can note that the first order 

and the nth order kinetics resulted in similar magnitudes while DAEM results in much higher mean activation 

energies.  Note that three models describe equally well the experiments in a wide range of T(t) temperature 

programs. 

 

Table 7.  Comparison of the average activation energies a 

Sample BSG CW MD

F 

1st order 154 153 145 

power law 164 165 136 

DAEM 218 227 188 

a Average activation energies (kJ/mol) were calculated for each model and each sample.  In 
the last row the averages were formed from the means of the activation energy distribution, E0,j. 

 

3.7. Do we need complicated models?  As outlined in Sections 3.5, the distributed activation energy 

models evidenced good performance with the assumption of only three partial processes.  The distributions in 

this model describe approximately the distributed nature of various reacting species in the biomass wastes.  

(See the considerations at the beginning of Section 3.4, too.) The mathematical handling and numerical 

solution of a DAEM, however, is much more difficult than those of a first order model.  The question arises: 

can we describe the data by three first order reactions, too, if we do not require a good fit between the 

experiments and the simulated curves?  We carried out evaluations to clarify this question.  It turned out that 

three first order reactions can give reasonable fit values (3.3-4.4%) if the evaluation is restricted only to the 
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linear T(t) experiments.  (Note that most of the biomass kinetic studies in the literature have employed only 

linear heating.)   However, this simple model gives rather poor results if we also require the description of 

sections with isothermal and irregularly changing temperatures.  When the CRR, stepwise and linear T(t) 

experiments were evaluated simultaneously, the rms fit values for the whole series (as calculated from 

equations 1 – 2) were between 6.6 and 8.3. Besides, the extrapolation tests gave bad results.  Figure 7 shows 

the fit of the 20°C/min BSG experiment by parameters obtained form all the five experiments (a) and by 

parameters obtained from the three slowest experiments (b). 

Keeping in mind the recent huge development of of the capabilities of computers and computing methods, 

we are convinced that the use of the complex kinetic models (like the nth order model with four reactions or a 

DAEM with 3 reactions) is a more promising way for modeling in R&D and industrial applications. 
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Figure 7.  Approximate description of the devolatilization of the BSG sample by three first order reactions.  

(See Figure 2 for notes and line-styles). 
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4. Conclusions 

(1) Three types of wastes were studied at five different T(t) temperature programs.  The temperature 

programs covered a wide range of experimental conditions:  the experiments exhibited 10 – 14 times 

variation in time span, mean reaction rate and peak reaction rate.  The experiments on a given sample were 

described by the same set of model parameters.  The optimal parameters were determined by the method of 

least squares.  Three models were proposed that described equally well the behavior of the samples in the 

whole range of observations. 

(2) A model built from three distributed activation energy reactions was suitable to describe the 

devolatilization at the highly different T(t) functions of our study with only 12 adjustable parameters.  The 

other two models contained simpler mathematical equations (first order and nth order partial reactions, 

respectively), accordingly their use may be more convenient when the coupling of kinetic and transport 

equations are needed.  On the other hand, the simpler models needed higher numbers of parameters to 

describe the complexity of these wastes 

(3) The reliability of the proposed models was tested in three ways: 

(i) the models provided good fits for all the five experiments of a sample; 

(ii) the evaluation of a narrower subset of the experiments (the three slowest experiments) provided 

approximately the same parameters as the evaluation of the whole series of experiments; 

(iii) the models proved to be suitable to predict the behavior of the samples outside of those 

experimental conditions at which the model parameters were determined. 

As outlined earlier, check (iii) corresponded to an extrapolation to ca. four-time higher reaction rates from 

the domain of the three slowest experiments. 

(4) The evaluated experiments included “constant reaction rate” (CRR) measurements.  This type of 

temperature control involves a continuously changing heating rate.  The simultaneous evaluation of linear, 

stepwise and CRR experiments proved to be advantageous in the determination of reliable kinetic models. 

(5) As outlined in the Introduction, the samples had very different chemical compositions.  Nevertheless, 

the same models described them equally well.  Accordingly, the models and the strategies for their evaluation 

and validation can be recommended for a wider range of biomass studies. 
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NOMENCLATURE 

j reacted fraction of a pseudocomponent 

Aj pre-exponential factor (s-1) 

cj normalized mass of volatiles formed from a pseudocomponent 

Ej activation energy (kJ/mol) 

E0,j mean activation energy in a distributed activation energy model (kJ/mol) 

fit 100 S0.5 (%) 

hk height of a -dmobs/dt curve 

m normalized sample mass (dimensionless) 

mcalc(t) normalized sample mass calculated from a model 

mobs(t) mass of the sample divided by the initial sample mass 

Ncomp number of pseudocomponents 

Nexp number of experiments evaluated simultaneously 

Nk number of evaluated data on the kth experimental curve 

R gas constant (8.3143×10-3 kJ mol-1 K-1) 

j width parameter (variance) of Gaussian distribution 

S least squares sum 

t time (s) 

T temperature (°C, K) 

Subscripts: 

i digitized point on an experimental curve 

j pseudocomponent 

k experiment 

rms root means square 
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