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Abstract 
Biochar, i.e. the solid residue produced during the thermal treatment of biomass 
materials, is receiving growing interest nowadays. Particularly, the application of 
biochar for soil amendment is considered an interesting opportunity, with the 
potential of introducing sustainable and beneficial processes in rural economies of 
developing countries. The characterization of biochar formation is therefore of 
crucial importance. The aim of this work is to use and extend an existing kinetic 
mechanism developed for the thermal degradation of biomass (including lumped 
stoichiometries for the tar and gas release from the solid phase and detailed kinetics 
for the successive gas phase reactions) in order to capture the effect of operating 
parameters on the yields of biochar in the final product distribution. The effect of 
the heating rate, the highest temperature attained during the processing and the 
initial composition of biomass are reviewed and discussed. The effect of biomass 
particle size is also taken into consideration. Model predictions are validated 
against independent sets of experimental data, including the results of TG 
measurements and pyrolysis experiments with larger particles. A higher production 
of biochar is observed  at low heating rates. The few data on the composition of the 
gases released during biomass thermal degradation are compared against model 
predictions. The comparison is beneficial to point out possible extensions and 
refinements of the model, in order to improve the chemical characterization of 
biochar composition, together with a distinction in biochar types.  
 
Introduction 
An extensive account of biochar’s chemical, physical and biological properties is 
given by Lehmann and Joseph [1], together with an overview of its main uses. 
Particularly, biochar for soil management represents a reliable strategy for the long 
term improvement of the quality of soils: an increase of productivity, together with 
higher stability, moisture absorption, amendation and  nutrient retention is 
envisaged. Other possible uses of biochar include the production of energy through 
combustion [2]. Biochar is also considered as an effective way to store carbon in 
soils and reduce green house gases, therefore potentially mitigating climate change 
[3]. Finally, the production of biochar can represent a valuable use for wastes from 
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agriculture, contributing to waste management [4]. Several processes can be 
adopted to convert biomass into light gases, bio-oil and biochar. The relative 
amount of the three major classes of products  is strongly dependent on the type of 
process and equipment used to perform the conversion. Biochar yields and 
properties can also be affected through choice of  operating conditions. The most 
important variables control char production are: heating rate, highest treatment 
temperature, vapour and solid residence times, and pressure. In this framework, it 
can be quickly inferred that the large variety of biomass feedstocks, combined with 
the multiple opportunities offered by the several process configurations, contribute 
to a huge range of resulting biochar yield as well asa wide range of physical and 
chemical properties. The present work in progress aims at offering an overview of 
the influence of some major operating parameters, particularly the heating rate, the 
highest temperature of the process and the particle size, on biochar yields. The 
comparison of model predictions with experimental data allows for a validation 
and extension of the proposed kinetic model for the solid and gas phase reactivity 
during biomass thermal processing, which is described below. 
 
Kinetic model 
The modelling of biomass thermal processing is quite complex, considering the 
coexistence of chemical and physical phenomena, both in the solid and the gas 
phase. Biomass characterization, pyrolysis or devolatilization reactions, secondary 
gas phase reactions of the released gas and tar species, char gasification and 
combustion have to be studied. In the proposed kinetic model [5] efforts are 
directed towards the definition of a lumped stoichiometry of the devolatilization 
reactions, and to the characterization of the gas and the tar fractions using a limited 
number of components. The devolatilization of the biomass is described as a 
combination of the pyrolysis of three reference components: cellulose, 
hemicellulose, and lignin, which decompose, release gases, and/or form 
intermediate components that are involved in substitutive additions and cross-
linking reactions with a progressive charification of the solid residue. The volatile 
components may undergo successive decomposition or combustion reactions in the 
surrounding gas phase. The gas-phase reactions were obtained by enlarging an 
existing kinetic scheme for the pyrolysis and oxidation of hydrocarbons, recently 
extended to anisole [6] and alcohols [7]. Due to its modular and mechanistic 
nature, it is sufficient to include the primary decomposition reactions of the new 
species released from the biomasses. Thermodynamic properties and the complete 
set of reactions are available at: http://www.chem.polimi.it/CRECKModeling/. A 
preliminary validation of the kinetic model under the conditions of fast pyrolysis 
for the production of bio-oils was successfully put forward [8]. In the present work, 
the operating conditions of major interest for the production of biochar, generally 
corresponding to slow heating and low temperatures, are investigated. The kinetic 
scheme is extended to take into consideration a new class of reactions, labelled as 
cross-linking reactions. These reactions become important under low temperature 
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and long residence time conditions, where the crucial transport limitation in the 
process is considered to be the evaporative escape of tars [9]. Tar products that 
cannot quickly escape the particle can easily see temperatures high enough to lead 
to secondary decomposition within the solid matrix. These reactions, leading to the 
deposition of secondary char, are generally characterized by a low activation 
energy, and low rate, thus being of importance only for low temperatures and long 
residence times. The competition among three major reactive paths in the solid 
phase, i.e. cross-linking, devolatilization and decomposition, determines the final 
yields of gas, tar and biochar. Table 1 summarises these reactions for the 
hemicellulose monomeric unit xylan. Similar reactions are written for the lignin 
fraction of biomass.  Cellulose decomposition occurs at higher temperatures, which 
make the low temperature chemistry less relevant for this species. 

 
Table 1. Major reactions in the solid phase for hemicelluloses degradation. 

 
Reaction A(1/s) Eact (cal/mol) 

(crosslinking) XYLAN > .25GH2+.25 H2O +.8 CO2 
+.65GCO+ 1.5GCOH2 +.625GCH4+.375C2H4+.675 CHAR  
(devolatilization)    XYLAN > VXYLAN  
(decomposition)      XYLAN > .75GH2+.125H2O +.8CO2 
+1.4CO+.5CH2O+.25CH3OH +.125C2H5OH +.625CH4 
+.25C2H4+.675 CHAR  
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Results and discussion 
Model predictions for the thermal degradation of beech wood were compared 
against experimental data from Grieco and Baldi [10]. TG measurements of the 
pyrolysis of a pellet (11mm in equivalent diameter) were performed under different 
heating rates: 0.05K/min (slow heating) and 1K/min (fast heating). Fig. 1 reports 
the experimental and predicted curves. It can be easily inferred that biochar 
formation is favored at slow heating rates, as correctly predicted by the model. A 
steepest curve is obtained in the simulation, suggesting that the reactivity of the 
system in the 350-450°C region is overestimated. As for the high heating rate 
conditions, a delay is registered for the experimental curve with respect to the 
simulation. This is due to the fact that the nominal temperature registered during 
the experiments is higher than the actual temperature of the core of the particle, due 
to the thermal resistance. Fig. 2 shows the computed temperature profiles for both 
the surface and the core of the particle and indicates that at high heating rate the 
core of the particle cannot follow the imposed temperature profiles, thus possibly 
explaining the delay in the observed devolatilization curve. The comparison with 
other TG data on the decomposition of eucalyptus wood (Fig.3), realised at Cornell 
University, seems to confirm this explanation: for small particle size of the sample 
(d<104µm) the small delay of the simulation with respect to the measured 
decomposition suggests that the devolatilization model might be slow in the 
reactivity. 



 

F
lin

 
Fig
da
[10
(52
at 
by
ov
low
de
tak
ga
ind
 

m
p

XXXIV

Figure 1. TG m
nes and symbols

(solid lines)  fo

g.4 presents an
ata for the pyrol
0]. The simulat
23K), as the ov
relatively high

y the model. 
verestimates the
w value of the

ependant release
ken into consid
ases and volatile
deed.  

Figure
measurements(d
predicted curve

eucalypt

V Meeting of the

measurements(d
s) and predicted
or beech wood 

 interesting com
lysis of beech w
tion is in good 

verall reactivity 
h temperature (6

As for the 
e reactivity of th
e final residue.
e of gases from
deration in the k
es within the so

e 3.  TG 
dashed lines) an
s(solid lines) fo
tus wood. 

 
e Italian Section o

4 

dashed 
d curves 
[10]. 

F
profi

w

mparison of mo
wood at low tem

agreement wit
is very slow an

648K) the deco
intermediate r

he system, with
These results 

m the solid matr
kinetic model. E
olid matrix of b

nd 
or 

Figur
experime

of the Combustio

Figure 2. Simula
iles for the surfa

wood sample at h

odel prediction 
mperatures and 
th the data at v
nd the conversi

omposition is fa
region (T=548

a continuous re
indicate that a 
ix during devol
Evidences of th

biomass are repo

re 4. Simulated 
ntal (symbols) p
low T experim

on Institute 

ated temperatur
ace and centre o
high heating rat

against experim
long residence 

very low tempe
ion is low. Sim
ast and well cap
-573K), the m
elease of gases 
slower, tempe

latilization shou
he difficult esca
orted in literatu

(solid lines) an
profiles of resid

ments [10]. 

 
re 
of the 
te. 

mental 
times 

erature 
milarly, 

ptured 
model 
and a 

erature 
uld be 
ape of 
ure [9] 

 
nd 
due in 



 
XXXIV Meeting of the Italian Section of the Combustion Institute 

5 

Model predictions underwent further comparison against data of pyrolysis of 
poplar wood [11], performed at Cornell University using the experimental 
apparatus depicted in Fig. 5. The cumulated curves for the major released gases 
obtained from simulations of a single particle (equivalent diameter = 1.5cm) at 
400°C are reported in Fig.6. The continuous increase in gas yields cannot be 
compared to the experimental data, in which only the final integral value is 
reported. Table 2 summarizes the gas composition normalized with respect to CO2 
production and shows that lower yields of CO and CH4 are expected.  
 

 
Figure 5. Representation of the 
experimental apparatus used for 

the pyrolysis of poplar wood[11]. 

Figure 6. Simulated cumulated profiles of the 
major gas products released in the pyrolysis of 

poplar wood at 400°C. 
 
The comparison suggests that the predicted gas release is too fast with respect to 
the experimental evidence and therefore the introduction of new reactions, 
accounting for the difficult escape from the solid matrix at low temperatures, could 
be beneficial to improve the model.  
 
Table 2. Gas composition (normalized) for the pyrolysis of poplar wood at 400°C. 
 

Species Experimental Simulated 
CO2 1 1 
CO 0.5537 0.7788 
CH4 0.0829 0.2215 

 
Conclusions 
The present work proposes a comparison between experimental data of TG and 
pyrolysis of wood and simulations obtained with a detailed kinetic model for both 
solid and gas phase decomposition of biomass. The preliminary results show a 
satisfactory agreement of the simulated profiles with respect to the experimental 
evidences, and offer a valuable suggestion for the improvement of the model. 
Particularly, the investigation of the low temperature chemistry of the solid phase 
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appears as a major issue. Model predictions indicate a quick and quantitative 
release of gases at low temperature, which finds no correspondence in the 
experimental data. This evidence suggests that a new class of reactions, accounting 
for the mass transfer limitations in the solid matrix at low temperatures, could be 
introduced in the model to better characterize the low temperature chemistry.  
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