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Abstract
This paper reviewed the mass loss kinetics of biomass in torrefaction process which is well-known as 
biomass’s properties improving process. According to consideration of torrefaction process as mild pyrolysis 
process, this process was also reviewed. The weight loss prediction models, which are established from decomposition
mechanisms of raw biomass, were reviewed. In addition, the experimental set up both isothermal and non-isothermal 
conditions in nitrogen atmospheres and oxidative atmospheres were presented in detail. Finally, parameters 
affecting kinetics of both torrefaction and pyrolysis such as particle size of raw biomass and heating rate were explained.
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Introduction
In recent years, the biomass is regarded as an interested 
renewable energy source because it is part of the neutral 
carbon cycle. In the world, there is a large quantity of 
biomass and it is environmentally friendly. However, the 
use of raw biomass is challenged by its poor properties 
such as low calorifi c value, low energy density, high 
moisture content, and low grindability index. These 
drawbacks result in many problems; for example, trans-
portation, storage and application of raw biomass.1-5 
These problems can be solved by improvement of raw 

biomass’s properties. There are several processes for 
biomass properties improvement such as densifi cation, 

torrefaction, pyrolysis, and carbonization process. The 
pyrolysis process is general name of biomass thermal 

decomposition, and composes of carbonization, torrefaction 
and others process. The   carbonization,  which is known 
as slow pyrolysis, starts at  temperature of 4000C6  while 
torrefaction,  which  is  known  as  mild  pyrolysis, starts 

at  temperature of  200 - 3000C.1-3, 7 It  is    noted that both 
pyrolysis and torrefaction process is commonly used in 
practices. The understanding of biomass decomposition 
of both processes is need for developing of operation 
procedure and equipment design. 

Pyrolysis Process
      Generally, the pyrolysis is a thermo-chemical 
decomposition of biomass in inert atmosphere. Pyrolysis
results in decomposition of complex hydrocarbon
molecules biomass into simpler molecules of gas, liquid, 
and char.6 The biomass pyrolysis compose of four 
procedures: moisture evolution at temperature of lower 
than 2200C, hemicellulose decomposition in temperature 
range of 220-3150C, cellulose decomposition in range 
of 315-4000C, and decomposition of lignin in range of 
160 - 9000C.8, 9

 The reaction mechanisms of pyrolysis
 The study of biomass kinetics can be conducted 
by means of the reaction mechanism consideration. 
The reaction mechanism is defi ned as the sequence of 
chemical change. This mechanism is an important 

key for prediction of the weight loss of biomass due to
decomposition reaction. The kinetics model of biomass 
decomposition was studied base on decomposition of 

hemicelluloses, cellulose, and lignin. The detail of each 
model can be described as follows. 
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  One-step global model

       A One-step global model shows the conver-
sion of biomass to char and volatile matters as shown in 
Figure 1. According to literature,10-12  it was found that the 
conversion prediction of this model was faster than that 
of the actual experiment, particularly at higher pyrolysis 
temperature regions. For one step model, the softening 
effect and formation of an intermediate were not taking 
into account.10, 11

Figure 1 One-step global model11

 Two-step consecutive-reaction model 
      There are two reaction mechanisms of this model 
as shown in Figure 2. From the fi gure, raw biomass 
decomposes into intermediate and primary volatile. 
Intermediate, later, decomposes into fi nally char and 
secondary volatile. From previous researches,10, 11, 13-15 the 
result shown that a two-step consecutive-reaction models 
provided excellent agreement between the experimental 
data and the conversion prediction.

Figure 2 Two-step consecutive-reaction model11 

Semi-global reaction model 

 There are three reaction mechanisms of this 
model as shown in Figure 3. From the fi gure, raw biomass 
decomposes into intermediate (I) and volatile (I). Next, 
intermediate (I) decomposes into intermediate (II) and 
volatile (II). Finally, intermediate (II) decomposes into 

fi nally char and volatile (III).16

Figure 3 Semi-global reaction model16 

 Experimental setup
      The experiment on pyrolysis kinetics can be 
conducted by several methods but the most popular 
technique is the thermogravimetric analysis (TGA).10-15, 

17-19 The TGA continuously measures and records the 
changes in weight of solid biomass on a high precision 
thermobalance. The typical TG curve is shown in Figure 4 
for non-isothermal experimental setup and 5 for isothermal 
experimental setup.20 
 Figure 4 represents the weight loss of biomass 
in percentage versus temperature. The curves can be 
divided into three different ranges: drying, the releasing 
of some light volatiles, and the releasing of other heavy 
components22 while Figure 5 represents the weight loss of 
biomass in percentage versus time. It is noted that there 
are difference between isothermal and non-isothermal TG 
curve on horizontal axis. 

Figure 4 The non-isothermal TG curve for  wheat straw21

Figure 5 The isothermal TG curve for wheat straw21
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 The DTG is derivative thermogravimetry, which 
is conducted by TGA equipment. The typical DTG curve 
is shown in Figure 6. The peak of the DTG curves shows 
reactivity of main composition of biomass to volatile 
matters. Mostly, the TG and DTG technique were used     
together.10, 11, 14, 23

 In addition, the experiment on pyrolysis can 
also be applied by laboratory pyrolysis reactor. As same 
as in TGA, the data gathering of weight loss is needed. 
Branca and Blasi16 studied the decomposition of beech 
and willow at isothermal condition by quartz reactor. The 
experimental condition of previous researches was shown 
in Table 1.

Figure 6 The DTG curve of rice husk24

 1.3  Parameters affecting pyrolysis kinetics 
 1.3.1 Heating rate
 The effect of heating rate on decomposition of 
solid biomass in pyrolysis process was shown in Figure 7. 
It can be seen from the fi gure that residual weight fraction 

of raw biomass decreases with increasing of heating 
rate. The heating rate also affects kinetics parameters. 
When the heating rate increases, frequency factor (A) 
and rate constant (k) increase but the activation energy 
(E) decreases.23 Moreover, the increasing of heating rate 
results in increasing of initial decomposition temperature.10

Figure 7 The effect of heating rate on palm shells decomposition11

 Particle size of biomass
 The effect of particle size on decomposition rate 
of solid biomass was shown in Figure 8. It was seen that, 
the decreasing of particle size of biomass results in the 
decreasing of residual weight fraction. Guo and Lua,11 
studied by isothermal TGA, they found that the pyrolysis 
temperature and the reaction rate is signifi cantly increased 
when particle size is small. The non-isothermal experi-
ment with the lager particle size was also conducted. It 
was found that the mass loss rate decreased due to 
decreasing of released volatile and increasing of residual 
solid state.23 The high activation energy and diffi cult 
decomposition occurred with the large particle size; the 
decomposition was controlled by the kinetics and heat 
transfer mechanism. However, the less activation energy 
and easy decomposition occurred with small particle size; 
it was only controlled by kinetics mechanism.10, 11, 17

Figure 8  The effect of particle size on palm shells decomposition11
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 The data of pyrolysis kinetics parameters was 
summarized as shown in Table 2.

 Torrefaction Process
 The torrefaction  is  biomass’s  properties improve
ment technology. Torrefaction is also called mild 
pyrolysis.1, 3, 7, 28 It was carried out at temperature range of 
200-3000C, in inert atmosphere, and low heating rate.3, 7

 Reaction mechanisms of torrefaction
      Generally, torrefaction process carried out at 
low temperature, thus, almost amount of hemicelluloses 
was decomposed while partial amount of celluloses was 
decomposed. The kinetics model can be described as 
follows.
  One-step global model 
  A one-step global model describes the de-
composition of biomass and the conversion to charcoal 
and volatile. This model is similar to one-step model of 
pyrolysis. The one-step global model is a simple model 
and suitable for applying with low temperature torrefaction. 

Chen and Kuo,22 defi ne the torrefaction at low temperature 
as light torrefaction process. The reaction mechanism of 
one-step global model is shown in Figure 9. 

Figure 9 One-step global model29

 
  Two-step consecutive-reaction model 

  This model4, 29 assumes that the products of 
fi rst step decomposition reaction of biomass are volatile 

(I) and intermediate. The second step decomposition of 
intermediate results in volatile (II) and charcoal. The re-
actant of the fi rst step can be defi ned as hemicelluloses 
while the intermediate of the second step can be defi ned 
as residual substance inside biomass.4 The reaction 

mechanism of two-step consecutive-reaction model is 
shown in Figure 10. 

Figure 10 Two-step consecutive-reaction model4 

  Two-step reaction in series model 
    The decomposition reaction for this model 
can be divided into two groups, the fast and medium 
groups. The fast reaction group is defi ned as group of 
hemicelluloses decomposition. The medium reaction 
group is referred as the decomposition of cellulose and 
lignin. The reaction mechanism of two-step reaction in 
series model is shown in Figure 11. 

Figure 11 Two-step reaction in series model30

 Experimental setup
      The experimental setup of torrefaction for 
determination of kinetic parameters is similar to that of 
pyrolysis. The TGA/DTG technique is still used in thermal 
degradation analysis of biomass torrefaction.1, 4, 5, 22      
 Moreover, Pe´trissans et al.31 creates special 
equipment for investigating kinetic parameters. This setup 
measures the weight loss in percentage during operation 
of torrefaction process as shown in Fig. 12. From the 
fi gure, the reactor size of 25 x 11 x 2.5 cm3 is fi lled with 
Poplar of 269–280 g.
 List experimental design and setup of previous 
works were summarized as shown in Table 3.

Figure 12 Torrefaction reactor3

 Parameters affecting torrefaction kinetics
 Peng et al.31 considered the effect of particle size 
on torrefaction of by TGA and tubular fi xed bed reactor. 

It was found that increasing of particle size results in 
decreasing of reaction constant rate.30 The effect of heating 

rate on kinetic parameters of torrefaction process was 
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not found in the literature review. The data of torrefac-
tion kinetics parameter conducted by previous work was 
summarized as shown in Table 4.

Conclusion
 This paper reviewed the weight loss kinetics 
studies of biomass in pyrolysis and torrefaction proc-

ess. For a long time, the pyrolysis is known as biomass 
properties improvement process while the torrefaction is 
a new technology. The kinetic models of both processes 
are useful for determine to suitable operating conditions in 
industrial process. Nowadays, the information of biomass 
pyrolysis is suffi cient but information of various biomasses 
in torrefaction process is needed.

Table 1  List of experimental design and setup of pyrolysis process

Technique Atmospheres Feedstock References

Isothermal

Nitrogen

Xylan 
Straw , corn stalks
Beech 
oil-shale
extracted oil palm fi bers 

(Lanzetta  and Blasi, 1997)13

(Blasi and Lanzetta, 1998)15

(Branca and Blasi, 2003)16

(Williams et al., 2000)19

(Guo and Lua, 2000)17

Air
pine sawdust
Sweetener 

(Bilbao et al., 1997)25

(Conceio et al., 2005)26

Non-isothermal

Nitrogen

walnut shell 
corn cob 
olive residue and sugar cane bagasse 
oil-palm solid wastes 
oil-shale  
cotton stalk, sugarcane bagasse, shea meal  
extracted oil palm fi bers 

(Yuan and Liu, 2007)14

(Yu et al., 2008)15

(Ounas et al., 2011)18

(Luangkiattikhun et al., 2008)23

(Williams et al., 2000)19

(Munir et al., 2009)27

(Guo and Lua, 2000)17

Air
Rice husk  
cotton stalk, sugarcane bagasse, shea meal 
pine sawdust 

(Mansaray and Ghaly, 1999)24

(Munir et al., 2009)27

(Bilbao et al., 1997)25

Table 2  Summary of pyrolysis kinetic parameters

Feedstock Technique Conditions Reaction mechanisms Kinetic parameter

oil-palm shell 
0.3-0.5,

0.5 -1, 1-2 

and 2-2.8 
mm11

non-isothermal 
TG-DTG

nitrogen 50 
cm3/min

One-step global model

two-step consecutive-reaction model

One-step;
A=9.74 X103 s-1

E=54.8 kJ/mol
Two-step;
A1 = 6.85 X107 s-1

E1=110.3 kJ/mol
A2=9.82 X1012 s-1

E1=168.4 kJ/mol
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Feedstock Technique Conditions Reaction mechanisms Kinetic parameter

corn cob 
0.5, 1, and

2 mm10

non-isothermal 
TG-DTG

373-1073 K
10, 20, and 30 

K/min
nitrogen 4.0 

ml/min

One-step global model

two-step
consecutive-reaction model

One-step;
A1=6.4 X10-3 s-1

E1=27.64 kJ/mol
Two-step;
A1 = 1.49 X1016 s-1

E1=210.71 kJ/mol
A2=3.76 X1036 s-1

E2=459.8 kJ/mol

Spruce, Pine, 
Fir12

non-isothermal 
TGA

Nitrogen 100 
ml/min

One-step global models Spruce; 262.4kJ/mol
Pine; 197.14 kJ/mol
Fir; 139.94 kJ/mol

Xylan13 isothermal 
TGA

473-613 K
40-70 K/ s

Two-step consecutive model A1=3.62 X105 s-1

E1=18.3 kcal/mol
A2 = 3.83 x102 s-1

E2=13.1 kcal/mol

walnut shell 
0.154 mm14

non-isothermal 
TGA

Nitrogen 20 
ml/min

5,10, 20, 30 
and 

40 K /min

Two-step consecutive model A1=5.3X107 s-1

E1=120.158 kJ/mol
A2 = 6.19x1012 s-1

E2=154.414 kJ/mol

Straw,
Corn stalks 

100 μm15

isothermal 
TGA

400–648 K.
Two-step consecutive model

Straw;

A1=2.43 X104 s1

E1=15.44 kcal/mol
A2 = 5.43 x101 s-1

E2=11.3 kcal/mol

Beech particle 
sizes below 

80 μm16 

isothermal 
quartz reactor

528–708 K
Semi-global reaction  mechanism

ln A1=10.2 s-1

E1=76.2 kJ/mol
ln A2 = 22.5 s-1

E2=142.8 kJ/mol

ln A3= 2.3 s-1

E2=43.8 kJ/mol

Table 2 Conclusion of the kinetic parameters in pyrolysis process (Cont.)
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Table 3 List of experimental design and setup of torrefaction process

Technique Atmospheres Feedstock References

isothermal
Nitrogen

bamboo, willow, coconut shell and wood
spruce and beech
beech, willow , larch,  straw
hemicelluloses, cellulose and lignin

(Chen and Kuo, 2010)22

(Vincent et al., 2010)29

(Prins et al., 2006)4

(Chen and Kuo, 2011)5

Air Eucalyptus grandis wood (Rousset et al., 2012)32 

Non-isothermal Air Eucalyptus (Arias et al., 2008)1

Table 4 Summary of the torrefaction kinetic parameters

Feedstock Technique Conditions Reaction mechanism Kinetic parameters

spruce and 
beech29

isothermal 
TGA

473-613 K
40-70 K/s

One-step global model

two-step consecutive model
Two step (spruce);
k1 = 2.47 X104 s-1

E1=76 kJ/mol
A2 = 1.1x1010 s-1

E2=151.7 kJ/mol

beech and 
willow 

0.7–2.0 mm4

isothermal 
TGA

225–300 0C
nitrogen 

20 ml /min.
10 0C/min

two-step reaction in series model Willow;
A1=2.48X104 s-1

E1=76 kJ/mol
A2 = 1.1x1010 s-1

E2=151.7 kJ/mol

Pine 125 μm30

isothermal 
TGA,

 bench- scale         

    fi xed bed

T=553 K
nitrogen

50 ml/min

50 K/min

two-step reaction in series model k1 =1.48 x 10-3s-1

k2 =4 x 10-5s-1 
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